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METHODS AND DEVICES FOR GROWING
SCINTILLATION CRYSTALS WITH SHORT
DECAY TIME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of International Patent
Application No. PCT/CN2019/101725 filed on Aug. 21,
2019, the entire contents of which are hereby incorporated
by reference.

TECHNICAL FIELD

The present disclosure generally relates to the field of
crystal growth, and in particular, to methods and devices for
growing scintillation crystals with short decay time.

BACKGROUND

Scintillation crystal 1s used as an energy conversion
medium that can convert 1onizing radiation energy (e.g., a
gamma-ray, an X-ray) into light energy (e.g., visible light).
The scintillation crystal (e.g., LSO, LYSO, BGO, BSO,
(GSO) 1s widely used 1n nuclear medicine field such as X-ray
tomography (CT), positron emission tomography (PET),
nuclear detection field such as industrial tomography (e.g.,
industrial CT), o1l well exploration field, nuclear physics
field, high-energy physics field, an environmental detection
field, safety monitoring field, weapon fire control and guid-
ance field, etc. In order to decrease a decay time of the
scintillation crystal, some divalent or trivalent non-rare earth
cations (e.g., Mg, Ca, Zn, Yb, Dy, Pb, Th, L1, Na) may be
co-doped 1nto the crystal during the crystal growth. In this
case, a lattice constant and a segregation coethlicient of Ce 1n
the crystal may be changed by introducing a lattice distor-
tion, thereby aflecting an energy band structure of lumines-
cent 1ons and improving the efliciency and speed of captur-
ing high-energy photons and converting them into visible
light by the luminescent 1ons. However, the co-doped diva-
lent or trivalent non-rare earth cations introduced into the
crystal may affect the light yield of the crystal. In addition,
the co-doped bivalent or trivalent non-rare earth cations may
not be uniformly distributed 1n the crystal, which may cause
a non-uniform distribution of light yield and decay time of
the crystal and increase the cost of crystal production and
screening.

SUMMARY

The present disclosure discloses a method for crystal
growth. The method for crystal growth decreases a decay
time of the crystal by preprocessing a valence and/or ration
of luminescent 1ons in reactants. The method may not dope
any co-doped element 1nto the crystal, which may affect a
light yield of the crystal.

According to an aspect of the present disclosure, a crystal
1s provided. A formula of the crystal may be

Xox: Mo Lito(| —x—m-—n Y2, fQ(S_ g)N n

where X may consist of at least one of Ce, Cl, F, Br, N, P,

or S, M may consist of at least one of Ca, Mg, Sr, Mn, Ba,
Al, Fe, Re, La, Ce, Rr, Nd, Pm, Sm, Eu, Gd, Td, Dy, Ho, Er,

Yb, Tm, Lu, Sc, or Y, Q may consist of at least one of O, Cl,
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F, Br, or S, N may consist of at least one of Cl, F, Br, or S,
and x=0.000001-0.06, m=0-0.006, z=0-1, and n=0-5.

In some embodiments, X may consist of Lu, M consists
of Ce, and (Q may consist of O, and the formula of the crystal
may be

MZ{l—m)CEZmSIO(S_E)N or LMZ(I 7 m)YQECEQmSIO( Q)N

According to another aspect of the present disclosure, a
method for growing a crystal 1s provided. A formula of the
crystal may be

Xox: Mom: Lito(1—x—m—2) ¥ 2251 51 IV

where X may consist of at least one of Ce, Cl, F, Br, N, P,
or S, M may consist of at least one of Ca, Mg, Sr, Mn, Ba,
Al, Fe, Re, La, Ce, Rr, Nd, Pm, Sm, Eu, Gd Td, Dy, Ho, Er,
Yb, Tm, Lu, Sc, or Y, Q may consist of at least one o1 O, Cl,
F, Br, or S, and N may consist of at least one of Cl, F, Br,
or S. The method may include weighting reactants according
to a molar ratio of the reactants according to a reaction
equation for generating the crystal after a first preprocessing
operation 1s performed on the reactants, wherein
x=0.000001-0.06, m=0-0.06, z=0-1, and n=0-5. The method
may 1nclude placing reactants on which a second prepro-
cessing operation has been performed 1nto a crystal growth
device alter an assembly processing operation 1s performed
on at least one component of the crystal growth device. The
at least one component of the crystal growth device may
include a crucible. The assembly processing operation may
include at least one of a coating operation, an acid soaking
and cleaning operation, or an impurity cleaning operation.
The method may include mtroducing a flowing gas into the
crystal growth device after sealing the crystal growth device.
The method may also activate the crystal growth device to
ogrow the crystal based on the Czochralski technique.

In some embodiments, X may at least consist of Ce, and
a reactant consisting of Ce may include at least one of CeQO,,
Ce,0,, Ce(COy),, CeCls, certum fluoride, certum(III) sul-
fate, or cerinum(IIl) bromide.

In some embodiments, a weight of a reactant consisting of
S1 may excess of 0.01 at %~10 at %, 0.1 at %~10 at %, 1 at
%~10 at %, 2 at %~9 at %, or 4 at %~7 at %.

According to yet another aspect of the present disclosure,
a method for growing a crystal 1s provided. The method may
include weighting reactants based on a molar ratio of the
reactants according to a reaction equation (1) or a reaction
equation (2) after a first preprocessing operation 1S per-
formed on the reactants:

Ceo(r15)3105+x/20, 1 (1)

(1-x—y-z)Lu5053+2Y 5053 +S105+2xCe O+

YCe03 =Lty sy Yo, Ces 4y, S105+2/20, 1 (2)

where x=0.0001%~6%, m=0~6%, z=0~1, and a weight of
S10, may excess of 0.001%~10% of its weight. The method
may 1nclude placing reactants on which a second prepro-
cessing operation has been performed 1nto a crystal growth
device after an assembly preprocessing operation 1s per-
formed on at least one component of the crystal growth
device. The at least one component of the crystal growth
device may 1nclude a crucible, and the assembly processing
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operation may include at least one of a coating operation, an
acid soaking and cleaning operation, or an impurity cleaning
operation. The method may include introducing a tlowing
gas into the crystal growth device after sealing the crystal
growth device. The method may also include activating the
crystal growth device to grow the crystal based on the
Czochralski techmique.

In some embodiments, a weight of S10, may excess of
0.01%~10%, 0.1%~10%, 1%~10%, 2%~9%, or 4%~7% of
its weight.

In some embodiments, x=0.001%~6%,
0.15%~6%, 1%~6%, or 2%~5%.

In some embodiments, y=1%~3%, 2%~4%, 2.5%~3.5%,
or 2.8%~3.2%.

In some embodiments, a purity of each of the reactants
may be greater than 99%, 99.9%, 99.99%, or 99.999%.

In some embodiments, the first preprocessing operation
may include a roasting operation under 800° C.~1400° C.
The second preprocessing operation may include at least one
of an ingredient mixing operation or a pressing operation at
room temperature.

In some embodiments, the flowing gas may include
oxygen or a mixed gas of oxygen and one or more of
nitrogen and inert gas. When the tlowing gas 1s a mixed gas
of oxygen and one or more of nitrogen and inert gas, a
volume ratio of oxygen may be 0.001%~10% 1n an 1nitial
stage of the crystal growth.

In some embodiments, a flow rate of the flowing gas may
be 0.01 L/min~30 L/min.

In some embodiments, a purity of the flowing gas may be
greater than 99%, 99.9%, 99.99%, or 99.999%.

In some embodiments, a melting time of a heat treatment
for melting the reactants may be 5 hours~48 hours during the
crystal growth.

In some embodiments, a distance between a seed crystal
and an upper surface of the reactants may be 5~100 mm
during melting the reactants during the crystal growth.

In some embodiments, the method may include sinking
the seed crystal to 0.1 mm~50 mm below a surface of a melt
of the reactants by controlling a pulling rod during tempera-
ture adjustment.

In some embodiments, the method may further include
maintaining a constant temperature at 1950° C.~2150° C. for
at least 0.1 hours~1 hour after temperature adjustment.

In some embodiments, a rotation rate of a pulling rod may
be 0.01 r/min~35 r/min during the crystal growth.

In some embodiments, a growth rate of the crystal may be
0.01 mm/h~6 mm/h during the crystal growth.

In some embodiments, a temperature decreasing time of
the crystal during the crystal growth may be 20 hours~100
hours.

In some embodiments, during a shouldering process of
the crystal growth, a shoulder angle may be 30 degrees~70
degrees, and a shoulder length may be 40 mm~130 mm.

In some embodiments, during an ending process of the
crystal growth, an ending angle may be 30 degrees~70
degrees, and an ending length may be 40 mm~110 mm.

In some embodiments, for the flowing gas including the
mixed gas of oxygen and one or more of nitrogen or inert
gas, during a cooling process of the crystal growth, the
volume ratio of oxygen in the flowing gas may be 1%~30%
when a temperature 1s within 1400° C.~800° C. The volume
ratio of oxygen in the flowing gas may be 0.001%~20%
when the temperature 1s lower than 800° C.

In some embodiments, the crystal growth may be con-
trolled by a proportional integralderivative (PID) controller.
A PID parameter may be 0.1~5.

0.01%~6%,
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According to yet another aspect of the present disclosure,
a device for growing a crystal 1s provided. The device may

include a temperature field device. The temperature field
device may include a bottom plate, a cover plate, a drum,
and a filler. The bottom plate may be mounted at a bottom
ol the temperature field device and cove an open end of the
drum. The cover plate may be mounted at a top of the
temperature field device and cover another open end of the
drum. The filler may be filled n the drum.

According to yet another aspect of the present disclosure,
a device for growing a crystal 1s provided. The device may
include a temperature field device. The temperature field
device may include a bottom plate, a cover plate, a first
drum, a second drum, and a filler. The bottom plate may be
mounted at a bottom of the temperature field device and
covers an open end of the first drum. The cover plate may be
mounted at a top of the temperature field device and covers
another open end of the first drum. The second drum may be
mounted within the first drum. The filler may be filled 1n the
second drum, and/or a space between the first drum and the
second drum.

In some embodiments, the filler filled 1n the second drum
may be at least configured to support a crucible and cover at
least a portion of the crucible. Reactants used for growing
the crystal may be placed in the crucible to react.

In some embodiments, the temperature field device may
further include a heater. The heater may be mounted above
the crucible.

In some embodiments, the first drum may be made of heat
resistant matenal.

In some embodiments, a shape of the filler may include at
least one of a granular, a brick, or a felt. The filler may be
made of the heat resistant material.

In some embodiments, a particle size of the filler may be
5~200 mesh.

In some embodiments, an amount and/or a tightness of the
filler may be adjusted according to a condition of the crystal
growth.

In some embodiments, a filling height of the filler may
result 1n that a vertical distance between an upper edge of the
crucible supported by the filler and an upper edge of an
induction coil mounted outside the temperature field device
1s 0 mm~=30 mm, wherein “-" represents that the upper
edge of the crucible 1s lower than an upper edge of the
induction coil, and “+” represents that the upper edge of the
crucible 1s higher than the upper edge of the induction coail.

In some embodiments, the heater may be made of one or
more of wridium, platinum, molybdenum, tungsten, graphite,
or a material which has a high melting point and can be
heated by electromagnetic induction. An mner diameter of
the heater may be 40 mm~240 mm and a height of the heater
may be 2 mm~200 mm.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s further described in terms of
exemplary embodiments. These exemplary embodiments
are described 1n detail with reference to the drawings. These
embodiments are non-limiting exemplary embodiments, 1n
which like reference numerals represent similar structures
throughout the several views of the drawings, and wherein:

FIG. 1 15 a flowchart illustrating an exemplary method for
growing a crystal according to some embodiments of the
present disclosure;

FIG. 2 1s a schematic diagram illustrating an exemplary
temperature field device according to some embodiments of
the present disclosure;
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FIG. 3 1s a schematic diagram illustrating a top view of a
cross-section of an exemplary temperature field device

according to some embodiments of the present disclosure;

FI1G. 4 1s a schematic diagram 1llustrating a top view of an
exemplary first cover plate according to some embodiments
of the present disclosure;

FIG. 5 1s a schematic diagram 1llustrating an exemplary
observation unit according to some embodiments of the
present disclosure; and

FIG. 6 1s a schematic diagram 1llustrating an exemplary
image of a grown crystal according to some embodiments of
the present disclosure.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details with reference to the accompanying drawings are set
forth by way of examples in order to provide a thorough
understanding of the relevant disclosure. Various modifica-
tions to the disclosed embodiments will be readily apparent
to those skilled 1n the art, and the general principles defined
herein may be applied to other embodiments and applica-
tions without departing from the spirit and scope of the
present disclosure. The i1dentical numerals 1n the drawings
represent same or similar structures or operation, unless the
context clearly indicates otherwise.

It will be understood that the term “system,” “device,”
unit,” and/or “module,” used herein are one method to
distinguish different components, elements, parts, section or
assembly of different level 1n ascending order. However, the
terms may be displaced by another expression i1f they
achieve the same purpose.

The terminology used herein 1s for the purpose of describ-
ing particular example embodiments only and 1s not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” may be intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “‘comprise,”
“comprises,” and/or “comprising,” “include,” *“includes,”
and/or “including,” when used 1n this specification, specily
the presence of stated features, integers, steps, operations,
clements, and/or components, but do not preclude the pres-
ence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereol.

The range of values used herein 1n the present disclosure
briefly illustrate each value in the range of values.

The flowcharts used in the present disclosure illustrate
operations that systems implement according to some
embodiments of the present disclosure. It should be noted
that the foregoing or the following operations may not be
performed in the order accurately. Instead, the steps can be
processed 1n reverse order or simultaneously. Besides, one
or more other operations may be added to the flow charts, or
one or more operations may be omitted from the flow chart.

Some embodiments of the present disclosure disclose a

crystal. In some embodiments, a formula of the crystal may
be

94

Kox: Mo Lito (1 —x—m—2) Y22918;5_ %)Nn:-

wherein X may consist of at least one of Ce, Cl, F, Br, N, P,
or S, M may consist of at least one of Ca, Mg, Sr, Mn, Ba,
Al, Fe, Re, La, Ce, Rr, Nd, Pm, Sm, Eu, Gd, Td, Dy, HO, Er,
Yb, Tm, Lu, Sc, or Y, Z may consist of at least one of Sc,
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6

Y, Gd, or Lu, Q may consist of at least one of O, Cl, F, Br,
or S, and N may consist of at least one of Cl, F, Br, or S. In
some embodiments, when X and/or M consist of two or
more elements, the crystal may be regarded as a doped
crystal. Specifically, when X consists of Ce, the crystal may
be regarded as Cerium-doped Lutetium oxyorthosilicate
crystal or Cermum-doped Lutettum(-yttrium) oxyorthosili-
cate crystal, which may be used as a practical scintillation
crystal. In some embodiments, a reactant consisting of Ce
may include CeQO,, Ce,O,, Ce(CO,),, CeCl;, certum fluo-
ride, certum(IIl) sulfate, or cermum(11l) bromide, or the like,
or any combination thereof. In some embodiments, X may
consist of Lu, M may consist of Ce, and Q may consist of
O. In this case, the formula of the crystal may be

L”Z(l—m) CEZmeO(S_%)Nna or MZ{l—z—m}l YQECEQmSIO( )Nn .

H
73

In some embodiments, a value of x may be 0.000001~0.06.
The value of x may be 0.00001 and 0.06. The value of x may

be 0.0001~0.06. The value of x may be 0.001~0.06. The
value of x may be 0.01~0.06. The value of x may be
0.02~0.05. The value of x may be 0.03~0.04. The value of
x may be 0.031~0.039. The value of x may be 0.032~0.038.
The value of x may be 0.033~0.037. The value of x may be
0.034~0.036. In some embodiments, a value of m may be
0~0.006. The value of m may be 0.001~0.006. The value of
m may be 0.002~0.005. The value of m may be
0.003~0.004. The value of m may be 0.0031~0.0039. The
value of m may be 0.0032~0.0038. The value of m may be
0.0033~0.0037/. The value of m may be 0.0034~0.0036. In
some embodiments, a value of z may be 0~1. The value of
7z may be 0.1~0.9. The value of z may be 0.2~0.8. The value
of z may be 0.3~0.7. The value of z may be 0.4~0.6. The
value of z may be 0.42~0.58. The value of z may be
0.44~0.56. The value of z may be 0.46~0.54. The value of
7z may be 0.48~0.52. The value of z may be 0.49~0.51. In
some embodiments, a value of n may be 0~5. The value of
n may be 0.1~5. The value of n may be 0.5~4.5. The value
of n may be 1~4. The value of n may be 1.5~3.5. The value
of n may be 2~3. The value of n may be 2.2~2.8. The value
of n may be 2.4~2.6.

In some embodiments, the crystal may be prepared
according to the following method.

In a first step, reactants may be weighted based on a molar
ratio of the reactants according to a reaction equation for
generating the crystal after a first preprocessing operation 1s
performed on the reactants. In some embodiments, the
crystal may be grown from a melt of a mixture of an oxide
of X, an oxide of M, and an oxide of Si. The reaction
equation may include oxide reactants used for growing the
crystal. In order to remove substances such as water and/or
organic substance(s) of metal element(s) to 1improve the
purity of the reactants, the first preprocessing operation may
be performed on the reactants. For example, a roasting
operation may be used to remove water and/or the organic
substance(s). The roasting operation may be performed
using a commercially available high-temperature roasting
device such as a muflle furnace. In some embodiments, a
roasting temperature of the reactants may be 800° C.~1400°
C. Preferably, the roasting temperature of the reactants may
be 900° C.~1300° C. More preferably, the roasting tempera-
ture of the reactants may be 1000° C.~1200° C. More
preferably, the roasting temperature of the reactants may be
1050° C.~1150° C. More preferably, the roasting tempera-
ture of the reactants may be 1060° C.~1140° C. More




US 10,975,300 B2

7

preferably, the roasting temperature of the reactants may be
1070° C.~1130° C. More preferably, the roasting tempera-
ture of the reactants may be 1080° C.~1120° C. More
preferably, the roasting temperature of the reactants may be
1090° C.~1110° C. According to the characteristics of the
different reactants, the time of the high-temperature roasting
may be not less than 5 hours.

For crystals with different molecular formulas, different
welghting manners may be used for weighting the reactants.
In some embodiments, when weighing the reactant(s), a
welght of a reactant containing S1 may excess 1ts weight or
a total weight of reactants by 0.01%~10%. The weight of the
reactant containing S1 may excess its weight or a total weight
of reactants by 0.1%~10%. The weight of the reactant
containing S1 may excess 1ts weight or a total weight of
reactants by 1%~10%. The weight of the reactant containing
S1 may excess 1ts weight or a total weight of reactants by
2%~9%. The weight of the reactant containing Si1 may
excess 1ts weight or a total weight of reactants by 3%~8%.
The weight of the reactant containing S1 may excess 1ts
welght or a total weight of reactants by 4%~7%. The weight
of the reactant containing Si1 may excess 1ts weight or a total
weight of reactants by 5%~6%.

In a second step, the reactants may be placed into a crystal
growth device after a second preprocessing operation 1s
performed on the reactants.

In some embodiments, the crystal growth device may
include a single crystal growth furnace and a temperature
field device. A type of the single crystal growth furnace may
include an open type or a vacuum type, which 1s not limited
in the present disclosure. The temperature field device may
be used in the single crystal growth furnace to provide a
temperature gradient for the crystal growth, and ensure the
stability of a crystallization process of the crystal. A tem-
perature field with good symmetry and stability may avoid
problems of cracking and abnormal growth during the
crystal growth. The temperature field device may include a
first hollow column and two cover plates covering two ends
of the first hollow column, respectively. Specifically, two
cover plates may be connected to the two ends of the first
hollow column. The connection may include a bonding
connection, a welding connection, a riveting connection, a
key connection, a bolting connection, a buckle connection,
or the like, or any combination thereof. Alternatively, a first
end of the two ends of the first hollow column may be
connected to one cover plate of the two cover plates (e.g., via
a detachable connection), a second end of the two ends may
be integrally formed with the other cover plate, or connected
to the other cover plate via a non-detachable connection. A
second hollow column with a height less than that of the first
hollow column may be mounted inside the first hollow
column. A space between the first hollow column and the
second hollow column and/or a space 1n the second hollow
column may be filled with a substance used for heat pres-
ervation. For example, the space between the first hollow
column and the second hollow column and the space in the
second hollow column may be filled with the substance. As
another example, the space between the first hollow column
and the second hollow column may be filled with a sub-
stance used for heat preservation, and the space in the
second hollow column may not be filled with the substance.
As a further example, the space between the first hollow
column and the second hollow column may not be filled with
the substance, and the space in the second hollow column
may be filled with the substance. The substance filled 1n the
second hollow column may also be configured to support a
crucible used for holding the reactants. In addition, an end
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of the second hollow column near the cover plate mounted
on a top of the first hollow column may be connected with
a heat preservation board to further improve the heat pres-
ervation eflect. In this case, the temperature field device
described in the present disclosure may provide a reaction
environment with good heat preservation performance,
stable temperature field gradient, and good symmetry due to
the hollow columns and the substance used for heat preser-
vation, which may be beneficial to the crystal growth. More
descriptions regarding the temperature field device may be
found elsewhere 1n the present disclosure (e.g., FIGS. 2-5),
which are not repeated herein.

In some embodiments, the at least one component of the
crystal growth device may include a crucible. In some
embodiments, the assembly processing operation may
include at least one of a coating operation, an acid soaking
and cleaning operation, or an impurity cleaning operation on
the crucible. It can be understood that the assembly pro-
cessing operation may prevent the crystal from being con-
taminated by an impurity and improve a purity of the crystal.
The coating operation may refer to that the crucible may be
coated after being cleaned. The crucible may volatize and/or
deform 1n a high temperature condition. Volatiles may tloat
on a surface of the melt or inside the crystal, which may
result 1 that the seeding of the crystal growth becomes
difficult or wrapping materials are introduced into the crys-
tal, and further result 1n a failure of the crystal growth and
that the quality of the crystal may be aflected. In addition, a
lower middle part of the crucible may deform due to a
hydraulic pressure caused by a melt with high-density
melting point under the high temperature condition, which
may aflect the temperature gradient of the crystal growth,
and 1n severe case, may cause a crack and leakage of the
crucible, and further result 1n a failure of the crystal growth
and that the quality of the crystal may be affected. Therefore,
it 1s necessary to coat the crucible to reduce the volatilization
and deformation of the crucible. The coating may include a
high temperature resistant material, such as Y,O;, ZrO,, efc.
The acid soaking and cleaning operation may refer to
soaking an inner wall of the crucible with an acid with a
certain concentration (e.g., 1%~15%) for a certain period
(e.g., 2 hours) after the coating operation. In some embodi-
ments, the acid may include an organic acid, an 1norganic
acid, or the like, or any combination thereof. Exemplary
organic acid may include carboxylic acid (e.g., formic acid,
acetic acid, oxalic acid, etc.), sulfonic acid (e.g., ethane-
sulfonic acid, benzenesulionic acid, etc.), sulfinic acid, or
the like, or any combination thereof. Exemplary inorganic
acid may include hydrochloric acid, sulturic acid, nitric acid,
phosphoric acid, or the like, or any combination thereof. In
some embodiments, a concentration of the acid may be
19%~15%. Preferably, the concentration of the acid may be
3%~13%. More preferably, the concentration of the acid
may be 5%~11%. More preferably, the concentration of the
acid may be 6%~10%. More pretferably, the concentration of
the acid may be 7%~9%. More preferably, the concentration
of the acid may be 7.5%~8.5%. A soaking time of the acid
may be 0.1 hours~10 hours. Preferably, the soaking time of
the acid may be 0.5 hours~7 hours. More preferably, the
soaking time of the acid may be 0.6 hours~5 hours. More
preferably, the soaking time of the acid may be 0.8 hours~4
hours. More preferably, the soaking time of the acid may be
1 hours~3 hours. More preferably, the soaking time of the
acid may be 1.5 hours~2.5 hours. After the soaking, the
crucible may be cleaned with pure water and dried. The
impurity cleaning may refer to remove the impurity in the
crucible. The crucible may be wiped with medical alcohol.
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In some embodiments, the second preprocessing opera-
tion may 1include at least one of an ingredient mixing
operation or a pressing operation at room temperature. It can
be understood that uniformly mixed reactants may be con-
ducive to the subsequent growth of the crystal. Exemplary
mixing device may include but 1s not limited to a three-
dimensional motion mixer, a double cone mixer, a vacuum
mixer, a coulter mixer, a V mixer, a conical twin-screw
screw mixer, a planetary mixer, a horizontal screw mixer,
etc. A mixing time of the reactants may be 0.5 hours~48
hours. Preferably, the mixing time of the reactants may be 1
hours~48 hours. More preferably, the mixing time of the
reactants may be 6 hours~42 hours. More preferably, the
mixing time of the reactants may be 12 hours~36 hours.
More preferably, the mixing time of the reactants may be 18
hours~30 hours. More preterably, the mixing time of the
reactants may be 21 hours~27 hours.

The pressing operation may refer to an operation 1n which
a certain pressure may be applied to the reactants to trans-
form the reactants from a dispersed state into a body with an
initial shape, for example, a cylindrical shape. The pressed
reactants may have a volume smaller than that of the
reactants 1n the dispersed state, and 1s easier to be put 1nto
a reaction device (e.g., a reaction crucible) 1 one time.
Meanwhile, the pressing operation may discharge the air
contained in the reactants 1n the dispersed state to reduce an
impact of the air on the crystal growth in subsequent
reactions. The pressing operation may be performed by an
1sostatic pressing device such as a cold 1sostatic pressing
device. The reactants may be placed in a pressing tank and
pressed nto the body with the initial shape. The pressure
used during the pressing operation may be 100 MPa~300
MPa. Preferably, the pressure used during the pressing
operation may be 150 MPa~250 MPa. More preferably, the
pressure used during the pressing operation may be 160
MPa~240 MPa. More preferably, the pressure used during
the pressing operation may be 170 MPa~230 MPa. More
preferably, the pressure used during the pressing operation
may be 180 MPa~220 MPa. More preferably, the pressure
used during the pressing operation may be 190 MPa~210
MPa. More preterably, the pressure used during the pressing
operation may be 200 MPa.

In a third step, a flowing gas may be introduced into the
crystal growth device after the crystal growth device is
sealed. In some embodiments, the sealing of the crystal
growth device may refer to that except for necessary contact,
there 1s no gas exchange between the crystal growth device
and the atmospheric environment. For example, a hearth of
an open single crystal growth furnace may be opened and an
operator (e.g., a worker) may directly observe the tempera-
ture field device in the open single crystal growth furnace,
whereas, the temperature field device should be sealed and
have no gas exchange with the atmospheric environment. As
another example, an interior of a vacuum single crystal
growth furnace may be vacuum, and the crystal growth
device may have no gas exchange with the atmospheric
environment. To realize the seal of the crystal growth device,
a sealing ring, vacuum grease, and/or other sealing material
may be mounted at joints among various components of the
crystal growth device. It can be understood that a suitable
protective gas may reduce volatilization of a reactant (e.g.,
silicon oxide) to a certain extent, thereby solving a problem
of deviation of crystal components during the crystal
growth. In some embodiments, the flowing gas may be
introduced 1nto the crystal growth device (e.g., the tempera-
ture field device) after the crystal growth device 1s sealed.
The flowing gas may refer to a protective gas that enters
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from an 1nlet of the crystal growth device and flows out from
an outlet of the crystal growth device. The flowing gas may
include oxygen, inert gas, or the like, or any combination
thereof. It should be noted that the mert gas described 1n the
present disclosure may include nitrogen. In some embodi-
ments, when the flowing gas 1s a mixed gas of oxygen and
one or more ol nitrogen and inert gas, a volume ratio of
oxygen may be 0.001%~10% of the mixed gas 1n an 1nitial
stage ol the crystal growth process, e.g., a stage before
cooling the crystal. Preferably, the volume ratio of oxygen
may be 0.01%~10%. More preferably, the volume ratio of
oxygen may be 0.1%~10%. More preferably, the volume
ratio of oxygen may be 1%~10%. More pretferably, the
volume ratio of oxygen may be 2%~9%. More preferably,
the volume ratio of oxygen may be 3%~8%. More prefer-
ably, the volume ratio of oxygen may be 4%~7%. More
preferably, the volume ratio of oxygen may be 5%~6%. To
ensure that the flowing gas may not aflect the reactants, for
example, to bring 1 an 1mpurity, purity of the flowing gas
may be greater than 99%. Preferably, the punty of the
flowing gas may be greater than 99.9%. More preferably, the
purity of the flowing gas may be greater than 99.99%. More
preferably, the purity of the flowing gas may be greater than
99.999%. When introducing the flowing gas to the crystal
growth device, a tlow rate of the flowing gas may be 0.01
L/min~30 L/min. Preferably, the flow rate of the flowing gas
may be 0.1 L/min~50 L/min. More preferably, the flow rate
of the flowing gas may be 1 L/min~50 L/min. More prei-
erably, the flow rate of the flowing gas may be 5 L/min~45
[/min. More preferably, the flow rate of the flowing gas may
be 10 L/min~40 L/min. More preferably, the flow rate of the
flowing gas may be 15 L/min~35 L/min. More preferably,
the flow rate of the tlowing gas may be 20 L/min~30 L/min.
More preferably, the flow rate of the flowing gas may be 21
L/min~29 L/min. More preferably, the flow rate of the
flowing gas may be 22 L/min~28 L/min. More preferably,
the flow rate of the tlowing gas may be 23 L/min~27 L/min.
More preferably, the tlow rate of tlowing gas may be 24
L/min~26 L/min.

In a fourth step, the crystal growth device may be acti-
vated and the crystal growth may be executed based on the
Czochralski technique. In some embodiments, the activating
of the crystal growth device may include energizing and/or
introducing a cooling liquid (e.g., water). The reactants may
be used for the crystal growth after being melted by heating.
After being energized, a medium frequency induction coil
mounted in the single crystal growth furnace may heat the
crucible to melt the reactants in the crucible. In some
embodiments, a melting time of the reactants may be 5
hours~48 hours by heating the reactants during a crystal
growth process. Preferably, the melting time of the reactants
may be 10 hours~40 hours. More preferably, the melting
time of the reactants may be 15 hours~35 hours. More
preferably, the melting time of the reactants may be 20
hours~30 hours. More pretferably, the melting time of the
reactants may be 22 hours~28 hours. More preferably, the
melting time of the reactants may be 23 hours~27 hours.
More preferably, the melting time of the reactants may be 24
hours~26 hours. More preferably, the melting time of the
reactants may be 24.5 hours~25.5 hours. It should be under-
stood that a high temperature (e.g., 1900° C.) 1s required
during the crystal growth, a plenty of heat radiation may be
generated to the external environment. Further, since the
crystal growth time (e.g., four days to forty days) 1s rela-
tively long, the heat radiation may affect the performance of
the crystal growth device. Accordingly, a circulation cooling,
fluid may be used to reduce the heat radiation. The circu-
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lation cooling liquid may include water, ethanol, ethylene
glycol, 1sopropanol, n-hexane, or the like, or any combina-
tion thereot. For example, the circulation cooling liquid may
include a 50:50 mixture of water and ethanol.

The Czochralski technique disclosed 1n the present dis-
closure may include a melting process, a seed crystal pre-
heating process, a seeding process, a temperature adjustment
process, a necking process, a shouldering process, an con-
stant diameter growth process, an ending process, a cooling
process, a crystal removing process, etc. The melting pro-
cess may refer to a process in which the temperature may be
increased to a certain value via a temperature increasing
process, the reactants may be melted to form a melt, and a
certain temperature (1.e., temperature gradient) can be kept
in the crystal growth device. The crucible in the crystal
growth device may be used as a heater, and heat may be
radiated from the crucible to the surroundings to form the
temperature gradient in the crystal growth device. The
temperature gradient may refer to a change rate of the
temperature at a certain point toward a temperature of an
adjacent point in the crystal growth device, which may also
be referred to as a change rate of the temperature per unit
distance. Merely by way of example, a temperature change
from a point M to a pomnt N 1s (I'1-T2), and a distance
between the two pomts 1s (rl-r2), and the temperature
gradient from the point M to the point N 1s AT=(T1-T2)/
(rl-r2). During the crystal growth, a suitable temperature
gradient 1s needed. For example, during the crystal growth,
a large enough temperature gradient AT along a vertical
direction 1s need, which can disperse the latent heat of
crystallization generated during the crystal growth, thereby
keep the crystal growth stable. Meanwhile, a temperature of
the melt below a growth interface should be higher than a
crystallization temperature, so that the local growth of
crystal would not be too fast and the growth interface would
be stable, thereby keeping the growth stable. The tempera-
ture gradient may be determined based on a location of a
heating center. In some embodiments, during the melting
process, the reactants may be melted and then solidified to
form a polycrystalline material, when a diameter of the
polycrystalline matenial reaches 40 mm, the temperature
increasing operation may be stopped. An upper limit of the
temperature 1ncreasing operation may be determined
according to a temperature or a heating power (e.g., a power
of the imnduction coil) at a time when a screw rod started to
be pulled up when the crystal growth device was used at the
last time. For example, the heating power may be less than
the heating power at the time when the pulling rod started to
be pulled up at the last time by 300-500 watts. A temperature
increasing rate may be determined based on the temperature
at which the pulling started to be pulled up at the last time.
For example, the temperature increasing rate may be a ratio
the temperature and the time (e.g., 24 hours). After tem-
perature increasing operation 1s completed, the temperature
may be maintained for 0.5 hours-1 hour. According to a
melting condition of the reactants, the temperature may be
continually increased or decreased.

In some embodiments, during the crystal growth, a melt-
ing time of a heat treatment for melting the reactants may be
5~48 hours. Preferably, the melting time of the reactants
may be 7 hours~46 hours. More preferably, the melting time
may be 9 hours~44 hours. More preferably, the melting time
may be 11 hours~42 hours. More preferably, the melting
time may be 13 hours~40 hours. More preferably, the
melting time may be 15 hours~38 hours. More preferably,
the melting time may be 17 hours~36 hours. More prefer-
ably, the melting time may be 19 hours~34 hours. More
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preferably, the melting time may be 21 hours~32 hours.
More preferably, the melting time may be 23 hours~30
hours. More preferably, the melting time may be 25
hours~28 hours. More preferably, the melting time may be
10 hours~30 hours.

The seed crystal preheating process may refer to a process
in which the seed crystal may be fixed on a top of the pulling
rod and slowly dropped into the temperature field during the
melting process, which can make a temperature of the seed
crystal close to that of the melt, thereby avoiding cracking
of the seed crystal when a supercooled seed crystal contacts
with the melt 1n subsequent operations. During the seed
crystal preheating process, a dropping speed of the seed
crystal may be 50 mm/h~800 mm/h. More preferably, the
dropping speed of the seed crystal may be 100 mm/h~750
mm/h. More preferably, the dropping speed of the seed
crystal may be 150 mm/h~700 mm/h. More preferably, the
dropping speed of the seed crystal may be 200 mm/h~650
mm/h. More preferably, the dropping speed of the seed
crystal may be 250 mm/h~600 mm/h. More preferably, the
dropping speed of the seed crystal may be 300 mm/h~350
mm/h. More preferably, the dropping speed of the seed
crystal may be 350 mm/h~500 mm/h. More preferably, the
dropping speed of the seed crystal may be 400 mm/h~450
mm/h. During preheating the seed crystal process, a distance
between the seed crystal and an upper surface of the reac-
tants may be 5 mm~10 mm. Preferably, the distance between
the seed crystal and the upper surface of the reactants may
be 6 mm~9 mm. Preferably, the distance between the seed
crystal and the upper surface of the reactants may be 7
mm-~3 mimn.

The seeding process may refer to a process 1 which the
pulling rod may be dropped to cause the seed crystal to
contact with the melt after a diameter of the reactants 1s melt
to be less than a preset diameter or the reactants are melted
to form a melt. A dropping speed of the seed crystal may be
S mm/h~100 mm/h. Preferably, the dropping speed of the
seed crystal may be 10 mm/h~90 mm/h. More preferably,
the dropping speed of the seed crystal may be 20 mm/h~80
mm/h. More preferably, the dropping speed of the seed
crystal may be 30 mm/h~70 mm/h. More preferably, the
dropping speed of the seed crystal may be 40 mm/h~60
mm/h. More preferably, the dropping speed of the seed
crystal may be 50 mm/h~60 mm/h. The temperature adjust-
ment process may refer to a process 1in which a temperature
in the crystal growth device may be adjusted to a suitable
temperature for the crystal growth. In some embodiments,
whether the temperature i1s suitable may be determined
based on a change at a solid-liquid interface of the seed
crystal. A power may be decreased 1n response to a deter-
mination that the temperature 1s higher than a temperature
threshold, and the power may be increased 1n response to a
determination that the temperature i1s lower than the tem-
perature threshold until that the seed crystal slightly shrinks.
After the temperature 1s adjusted as a suitable temperature,
the seed crystal may be sunk by 0.1 mm~50 mm. Preferably,
the seed crystal may be sunk by 1 mm 50 mm. More
preferably, the seed crystal may be sunk by 10 mm~40 mm.
More preferably, the seed crystal may be sunk gain by 20
mm-~30 mm. More preferably, the seed crystal may be sunk
by 21 mm~29 mm. More preferably, the seed crystal may be
sunk by 22 mm~28 mm. More preferably, the seed crystal
may be sunk by 23 mm~27 mm. More preferably, the seed
crystal may be sunk by 24 mm~26 mm. In some embodi-
ments, a rate ol temperature adjustment may be 100-300
watts/0.1 hour. After the temperature adjustment process, the
temperature 1mnside the crystal growth device may be main-
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tained at 1950° C.~2150° C. for 0.1 h~1 h. Then, the screw
rod may be rotated to pull the pulling rod up. After the seed
crystal passed through a second cover plate and during the
subsequent crystal growth process, a rotation rate of the
pulling rod may be 0.01 rpm/min~35 rpm/min. More pret-
crably, the rotation rate of the pulling rod may be 0.1
rpm/min~35 rpm/min. More preferably, the rotation rate of
the pulling rod may be 1 rpm/min~35 rpm/min. More
preferably, the rotation rate of the pulling rod may be 35
rpm/min~30 rpm/min. More preferably, the rotation rate of
the pulling rod may be 10 rpm/min~25 rpm/min. More
preferably, the rotation rate of the pulling rod may be 15
rpm/min~20 rpm/min.

The necking process may refer to a process 1n which the
temperature may be slowly increased to cause a temperature
ol a zero pomt of the melt (i.e., a temperature of a center
point of the liquid surface 1n crucible) to be slightly higher
than the melting point of the crystal, a diameter of a newly
grown crystal during the rotation and pulling up of the seed
crystal may be gradually decreased. The necking process
may reduce the extension of crystal dislocations from the
seed crystal to a single crystal below a neck. The shouldering
processing may refer to a process in which when atoms or
molecules on a solid-liquid interface at a boundary between
the seed crystal and the melt begin to be arranged 1n a
structure of the seed crystal, the temperature in the tempera-
ture field may be slowly decreased according to a real-time
growth rate of the crystal to expand the seed crystal accord-
ing to a preset angle. In some embodiments, the shoulder
angle may be 30 degrees~70 degrees. More preferably, the
shoulder angle may be 40 degrees~60 degrees. More prei-
crably, the shoulder angle may be 45 degrees~55 degrees.
More preferably, the shoulder angle may be 46 degrees~54
degrees. More preferably, the shoulder angle may be 47
degrees~53 degrees. More preferably, the shoulder angle
may be 48 degrees~32 degrees. More preferably, the shoul-
der angle may be 49 degrees~51 degrees. A shoulder length
may be 40 mm~130 mm. Preferably, the shoulder length
may be 50 mm~120 mm. More preferably, the shoulder
length may be 60 mm~110 mm. More preferably, the
shoulder length may be 70 mm~100 mm. More preferably,
the shoulder length may be 80 mm~90 mm.

The constant diameter growth process may refer to a
process 1n which a rod-like structure with a diameter deter-
mined during the shouldering process may be obtained. In
some embodiments, the diameter of the crystal growth may
be 10 mm~200 mm. Preferably, the length of the constant
diameter of the crystal growth may be 20 mm~180 mm.
More preferably, the length of the constant diameter of the
crystal growth may be 50 mm~150 mm. More preferably,
the length of the constant diameter of the crystal growth may
be 60 mm~140 mm. More preferably, the length of the
constant diameter of the crystal growth may be 70 mm~130
mm. More preferably, the length of the constant diameter of
the crystal growth may be 80 mm~120 mm. More prefer-
ably, the length of the constant diameter of the crystal
growth may be 90 mm~110 mm.

The ending process may refer to a process in which the
crystal may be raised up to be separated from the melt when
the crystal grows to a predetermined length. The ending
process may be a reverse operation ol the shouldering
process. The diameter of the crystal may be reduced until the
crystal 1s separated from the melt by changing a pulling
speed of the pulling rod, or the diameter of the crystal may
be reduced to a preset diameter such as 10 mm. An automatic
control program may be used to calculate a change of the
diameter of the crystal based on a predetermined parameter
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of the ending process, and perform the ending process
according to a preset angle by increasing or decreasing the
temperature. In some embodiments, an ending angle may be
30 degrees~70 degrees. Preferably, the ending angle may be
40 degrees~60 degrees. More preferably, the ending angle
may be 45 degrees~535 degrees. More preferably, the ending
angle may be 46 degrees~54 degrees. More preferably, the
ending angle may be 47 degrees~53 degrees. More prefer-
ably, the ending angle may be 48 degrees~52 degrees. More
preferably, the ending angle may be 49 degrees~51 degrees.
An ending length of the crystal may be 40 mm~110 mm.
More preferably, the ending length of the crystal may be 50
mm~100 mm. More preferably, the ending length of the
crystal may be 60 mm~90 mm. More preferably, the ending
length of the crystal may be 70 mm~80 mm.

The cooling process may refer to a process in which a
temperature may be slowly decreased after the ending
process 1s completed, to eliminate a stress within the crystal,
which may be formed in the high-temperature crystal
growth. The cooling process may prevent cracking of the
crystal caused by a sudden drop of the temperature. Accord-
ing to a crystal growth method of the present disclosure, an
annealing operation may be performed on the crystal during
the cooling process. By introducing an oxygen-rich flowing
gas 1nto the crystal growth device, on one hand, a volatil-
ization of S10, may be reduced and a poor performance
consistency of the crystal caused by the composition devia-
tion during the crystal growth may be avoided; on the other
hand, an oxygen-deficient condition would not occur during
the crystal growth, thereby reducing crystal lattice distortion
caused by occurrence of oxygen vacancies in the crystal. In
this case, the annealing operation can be performed during
the crystal growth, accordingly, it 1s not necessary to per-
form the annealing operation after the crystal growth. Dur-
ing the cooling process, when the temperature drops to
1400° C.~800° C., the volume ratio of oxygen in the tlowing
gas may be increased to cause the oxygen to eflectively
diffuse into the crystal. In some embodiments, during
increasing the volume ratio of oxygen, a cooling rate of the
crystal may also be slowed, or a stepwise cooling process
may be performed to cause the oxygen to diffuse more tully.
In some embodiments, when the temperature drops to 1400°
C.~800° C., the volume of oxygen 1n the flowing gas may be
increased to 1%~30% during the cooling process. More
preferably, when the temperature drops to 1400° C.~800° C.,
the volume ratio of oxygen in the flowing gas may be
increased to 2%~28%. More preferably, when the tempera-
ture drops to 1400° C.~800° C., the volume ratio of oxygen
in the flowing gas may be increased to 5%~25%. More
preferably, when the temperature drops to 1400° C.~800° C.,
the volume ratio of oxygen in the flowing gas may be
increased to 10%~20%. More preferably, when the tempera-
ture drops to 1400° C.~800° C., the volume ratio of oxygen
in the flowing gas may be increased to 13%~17%. More
preferably, when the temperature drops to be 1400° C.~800°
C., the volume ratio of oxygen i the flowing gas may be
increased to 14%~16%. When the temperature 1s lower than
800° C., the volume ratio of oxygen 1n the flowing gas may
be at least decreased to a volume ratio of oxygen i a
previous crystal growth process, which may be
0.001%~20% and other mentioned temperature. In some
embodiments, a cooling time of the crystal may be 20
hours~100 hours. More preferably, the cooling time of
crystal may be 30 hours~90 hours. More preferably, the
cooling time of the crystal may be 40 hours~80 hours. More
preferably, the cooling time of the crystal may be 50
hours~70 hours. More preferably, the cooling time of the
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crystal may be 55 hours 65 hours. In some embodiments,
assuming that T 1s the temperature after the ending process,
a decreasing rate of a crystal temperature during the cooling
process may be T/(20-100) hours. In some embodiments, a
decreasing rate of the crystal temperature may be 15°
C./h~95° C./h. More preferably, the decreasing rate of the
crystal temperature may be 20° C./h~65° C./h. More pret-
erably, the decreasing rate of the crystal temperature may be
23° C./h~477° C./h. More preterably, the decreasing rate of
the crystal temperature may be 26° C./h~38° C./h. More
preferably, the decreasing rate of the crystal temperature
may be 28° C./h~34° C./h. When an output heating power
(e.g., the heating power of the induction coil) 1s 0, the crystal
growth may end.

The crystal removing process may refer to a process in
which the grown crystal may be taken out from the crystal
growth device when an internal temperature of the crystal
growth device drops to the room temperature. In the crystal
growth process, according to a setting of various process
parameters in different stages of the crystal growth process,
the growth rate of the crystal may be 0.01 mm/h~6 mm/h.
Preferably, the growth rate of the crystal may be 0.1 mm/h~6
mm/h. More preferably, the growth rate of the crystal may
be 1 mm/h~6 mm/h. More preferably, the growth rate of the
crystal may be 2 mm/h~5 mm/h. More preferably, the
growth rate of the crystal may be 3 mm/h~4 mm/h. A
diameter of an obtained crystal may be 50 mm~115 mm. A
diameter of a grown crystal may be equal to or greater than
60 mm, such as 60 mm~100 mm (e.g., 60 mm), 70 mm~100
mm (e.g., 95 mm). A constant diameter may be reached to
more than 180 mm, such as 180 mm-200 mm, 200 mm-190
mm, or 195 mm-200 mm.

In some embodiments, one or more processes in the
crystal growth may be controlled by a PID controller. The
one or more process may include but are not limited to the
necking process, the shouldering process, the constant diam-
cter growth process, the ending process, the cooling process,
etc. In some embodiments, the PID parameter may be 0.1~5.
Preferably, the PID parameter may be 0.5~4.5. More pret-
erably, the PID parameter may be 1~4. More preferably, the
PID parameter may be 1.5~3.5. More preferably, the PID
parameter may be 2~3. More preferably, the PID parameter
may be 2.5~3.3.

It should be noted that the embodiments mentioned above
are only used to 1illustrate the techmical solutions of the
present disclosure but not to limit the technical solutions.
Various modifications to the disclosed embodiments will be
readily apparent to those skilled in the art, and the general
principles defined herein may be applied to other embodi-
ments and applications without departing from the spirit and
scope of the present disclosure. Thus, the present disclosure
1s not limited to the embodiments shown, but to be accorded
the widest scope consistent with the claims.

FI1G. 1 1s a flowchart 1llustrating an exemplary method for
growing a crystal according to some embodiments of the
present disclosure. In some embodiments, the method shown
in process 100 may be implemented based on the Czochral-
ski technique.

In step 110, reactants may be weighted based on a molar
ratio of the reactants according to a reaction equation for

generating the oxide crystal after a first preprocessing opera-
tion 1s performed on the reactants. Taking a growth of
Ce:LSO and Ce:LYSO as an example, the reaction equation
may be denoted by Equations below:
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(1-x—y)Luy,O3+810,+2xCeO,+yCe, O3—=Luy (g

Ces(rt5y3105+x/20, 1 (1)

(1-x—y-z)Lu5053+2Y 503+S105+2xCe O+

YCe03 =Lty sy Y0, Cs sy, S105+25/20, 1 (2)

It can be understood that structures of grown Ce:LSO and
Ce:LYSO may include Ce :Lu,, ,S105 or Ce:Lu,
Y,,S105. In the above equations, x represents a doping
concentration of trivalent cerium ion (Ce’*), that is, a
proportion of Ce”* occupying atomic lattice of Lutetium, vy
represents a doping concentration of tetravalent cerium 1on
(Ce™™*), that is, a proportion of Ce™ occupying atomic lattice
of Lutetium, and z represents a concentration of yttrium (Y)
ion 1n crystal lattice of the Ce:LSO. In some embodiments,
a value of x may be 0.000001~0.06. Preferably, the value of
x may be 0.00001~0.06. More preferably, the value of X may
be 0.0001~0.06. More preferably, the value of x may be
0.001~0.06. More preferably, the value of x may be
0.01~0.06. More preferably, the value of x may be
0.02~0.05. More preferably, the value of x may be

may be

0.03~0.04. More preferably, the value of x
0.031~0.039. More preferably, the value of x may be
0.032~0.038. More preferably, the value of x may be
0.033~0.037. More preferably, the value of x may be
0.036~0.036. It can be understood that a luminescence
center of the crystal is Ce”™, then a low doping concentration
of Ce”* may cause a low concentration of activated ions, less
luminescence center of the crystal, and a low luminescence
intensity, whereas, a high doping concentration of Ce”* may
cause a concentration quenching, thereby reducing lumines-
cence eiliciency of the crystal. According to the method of
the present disclosure, the doping concentration of Ce®* may
be reasonably controlled to improve the luminescence efli-
ciency of the crystal. In some embodiments, the doping
concentration of Ce>* (a value of y) may be 0~0.006. The
value of v may be 0.001~0.006. The value of y may be
0.002~0.005. The value of y may be 0.003~0.004. The value
of v may be 0.0031~0.0039. The value of y may be
0.0032~0.0038. The value of y may be 0.0033~0.0037/. The
value of v may be 0.0034~0.0036. In some embodiments, a
value of z may be O~1. The value of z may be 0.1~0.9. The
value of z may be 0.1~0.9. The value of z may be 0.2~0.8.
The value of z may be 0.3~0.7. The value of z may be
0.4~0.6. The value of z may be 0.42~0.58. The value of z
may be 0.44~0.56. The value of z may be 0.46~0.54. The
value of z may be 0.48~0.52. The value of z may be
0.49~0.31.

It can be understood that during the growth of the crystal,
silicon dioxide (S102) may volatilize under a heating con-
dition, which may cause composition deviation of the gen-
erated crystal, composition difference among crystals gen-
erated 1n different times, and a poor growth repeatability.
According to some embodiments of the present disclosure,
an excessive amount of silicon dioxide may be used to avoid
composition deviation and poor growth repeatability caused
by the volatilization of the silicon dioxide to a certain extent.
In some embodiments, a weight of the silicon dioxide may
excess of 0.01%~10% of 1ts weight or the total weight of the
reactants as determined according to the reaction equation.
Preferably, the weight of the silicon dioxide may excess of
0.1%~10% of 1ts weight or the total weight of the reactants.
More preferably, the weight of the silicon dioxide may
excess of 0.12%~9% of 1ts weight or the total weight of the
reactants. More preferably, the weight of the silicon dioxide
may excess of 0.13%~8% of 1ts weight or the total weight
of the reactants. More preferably, the weight of the silicon
dioxide may excess of 0.14%~7% of 1ts weight or the total
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weight of the reactants. More preferably, the weight of the
s1licon dioxide may excess of 0.15%~6% of its weight or the
total weight of the reactants. More preferably, the weight of
the silicon dioxide may excess of 0.16%~5% of 1ts weight
or the total weight of the reactants. More preferably, the
weight of the silicon dioxide may excess 01 0.17%~4% of its
weight or the total weight of the reactants. More preferably,
the weight of the silicon dioxide may excess of 0.18%~3%
of 1ts weight or the total weight of the reactants. More
preferably, the weight of the silicon dioxide may excess of
0.2%~2% of 1ts weight or the total weight of the reactants.
In some embodiments, when x=0.15% and y=0.3%, the
weight of the silicon dioxide may excess of 0.2% of its own
weight or the total weight of the reactants, or when
x=0.16%, y=0.3%, and z=20%, the weight of the silicon
dioxide may excess of 2% of 1ts own weight or the total
weight of the reactants.

Purity of the reactants may have a great influence on the
scintillation performance of the crystal. In order to generate
the crystal meeting requirements, the purity of the reactants
for growing the crystal may be greater than 99%. Preferably,
the purity of the reactants may be greater than 99.9%. More
preferably, the purity of the reactants may be greater than
99.99%. More preferably, the purity of the reactants may be
greater than 99.999%.

In some embodiments, the first preprocessing operation
may include a high temperature roasting operation. It can be
understood that the high temperature roasting operation may
be performed on all or a portion of the reactants to remove
substances such as water and/or organic substance(s) of
metal element(s) (e.g., Certum, lutetium, yttrium, etc.) to
improve the purity of the reactants. For example, a roasting
operation may be performed to remove water and/or the
organic substance(s). The roasting operation may be per-
formed using a commercially available high-temperature
roasting device such as a muille furnace. In some embodi-
ments, a roasting temperature of the reactants may be 800°
C.~1400° C. Preferably, the roasting temperature of the
reactants may be 900° C.~1300° C. More preferably, roast-
ing temperature of the reactants may be 1000° C.~1200° C.
More preferably, roasting temperature of the reactants may
be 1050° C.~1150° C. More preferably, roasting temperature
of the reactants may be 1060° C.~1140° C. More preferably,
roasting temperature of the reactants may be 1070°
C.~1130° C. More preferably, roasting temperature of the
reactants may be 1080° C.~1120° C. More preferably,
roasting temperature of the reactants may be 1090°
C.~1110° C. According to characteristics of the different
reactants, the time of the high-temperature roasting may be
not less than 5 hours.

In step 120, the reactants on which a second preprocessing,
operation has been performed may be placed into a crystal
growth device after an assembly preprocessing operation 1s
performed on at least one component of the crystal growth
device. In some embodiments, the at least one component of
the crystal growth device may include a crucible. In some
embodiments, the crucible may be made of a high melting
point material that can be heated by electromagnetic induc-
tion, for example, iridium (Ir), molybdenum (Mo), tungsten
(W), rhentum (Re), graphite (C), tungsten-molybdenum
alloy, or the like, or any combination thereof. In some
embodiments, the assembly processing operation may
include at least one of a coating operation, an acid soaking
and cleaning operation, or an impurity cleaning operation on
the crucible. It can be understood that the assembly pro-
cessing operation may prevent the crystal from being con-
taminated by an impurity and improve a purity of the crystal.
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The coating operation may refer to that the crucible may be
coated after being cleaned. The crucible may volatize and/or
deform 1n a high temperature condition. Volatiles may tloat
on a surface of the melt or inside the crystal, which may
result 1 that the seeding of the crystal growth becomes
difficult or wrapping materials are introduced 1nto the crys-
tal, and further result 1n a failure of the crystal growth and
that the quality of the crystal may be aflected. In addition, a
lower middle part of the crucible may deform due to a
hydraulic pressure caused by a melt with high-density
melting point under the high temperature condition, which
may aflect the temperature gradient of the crystal growth,
and 1n severe case, may cause a crack and leakage of the
crucible, and further result 1n a failure of the crystal growth
and that the quality of the crystal may be affected. Therelore,
it 1s necessary to coat the crucible to reduce the volatilization
and deformation of the crucible. The coating may include a
high temperature resistant material, such as Y203, ZrO2,
etc. The acid cleaning operation may refer to soaking an
inner wall of the crucible with an acid with a certain
concentration (e.g., 1%-15%) for a period (e.g., 2 hours)
alter the coating operation. In some embodiments, the acid
may include an organic acid, an inorganic acid, or the like,
or any combination thereof. Exemplary organic acid may
include carboxylic acid (e.g., formic acid, acetic acid, oxalic
acid, etc.), sulfonic acid (e.g., ethanesulionic acid, benze-
nesulfonic acid, etc.), sulfinic acid, or the like, or any
combination thereol. Exemplary inorganic acid may include
hydrochloric acid, sulturic acid, mitric acid, phosphoric acid,
or the like, or any combination thereof. In some embodi-
ments, a concentration of the acid may be 1% 15%. Pret-
erably, the concentration of the acid may be 3%~13%. More
preferably, the concentration of the acid may be 5%~11%.
More preferably, the concentration of the acid may be
6%~10%. More preferably, the concentration of the acid
may be 7% 9%. More preferably, the concentration of the
acid may be 7.5%~8.5%. A soaking time of the acid may be
0.1 hours~10 hours. Preferably, the soaking time of the acid
may be 0.5 hours~7 hours. More preferably, the soaking
time of the acid may be 0.6 hours~5 hours. More preferably,
the soaking time of the acid may be 0.8 hours~4 hours. More
preferably, the soaking time of the acid may be 1 hours~3
hours. More preferably, the soaking time of the acid may be
1.5 hours~2.5 hours. After the soaking, the crucible may be
cleaned with pure water and dried. The 1mpurity cleaning
may refer to a process for removing the impurity in the
crucible. The crucible may be wiped with medical alcohol.
After the processing operation, the crucible may be
mounted.

In some embodiments, the second preprocessing opera-
tion may include at least one of an ingredient mixing
operation and/or a pressing operation at room temperature.
It can be understood that uniformly mixed reactants may be
conducive to the subsequent growth of the crystal. Exem-
plary mixing device may include but 1s not limited to a
three-dimensional motion mixer, a double cone mixer, a
vacuum mixer, a coulter mixer, a V mixer, a conical twin-
screw screw mixer, a planetary mixer, a horizontal screw
mixer, etc. A mixing time of the reactants may be 0.5
hours~48 hours. Preferably, the mixing time may be 1 hour
48 hours. More preferably, the mixing time may be 6
hours~42 hours. More preferably, the mixing time may be 12

l

hours~36 hours. More preferably, the mixing time may be 18
hours~30 hours. More preferably, the mixing time may be 21
hours~27 hours.

The pressing operation may refer to an operation in which

a certain pressure may be applied to the reactants to trans-
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form the reactants from a dispersed state into a body with an
initial shape, for example, a cylindrical shape. The pressed
reactants may have a volume smaller than that of the
reactants in the dispersed state, and 1s easier to be put into
a reaction device (e.g., a reaction crucible) 1n one time.
Meanwhile, the pressing operation may discharge the air
contained 1n the reactants 1n the dispersed state to reduce an
impact of the air on the crystal growth in subsequent
reactions. The pressing operation may be performed by an
1sostatic pressing device such as a cold 1sostatic pressing
device. The reactants may be placed in a pressing tank and
pressed nto the body with the initial shape. The pressure
used during the pressing operation may be 100 MPa~300
MPa. Preferably, the pressure used during the pressing
operation may be 150 MPa~250 MPa. More preferably, the
pressure used during the pressing operation may be 160
MPa~240 MPa. More preferably, the pressure used during
the pressing operation may be 170 MPa~230 MPa. More
preferably, the pressure used during the pressing operation
may be 180 MPa~220 MPa. More preferably, the pressure
used during the pressing operation may be 190 MPa~210
MPa. More preferably, the pressure used during the pressing
operation may be 200 MPa.

In some embodiments, the crystal growth device may
include a single crystal growth furnace and a temperature
field device. A type of the single crystal growth furnace may
include an open type or a vacuum type, which 1s not limited
in the present disclosure. The temperature field device may
be used 1n the single crystal growth furnace to provide a
temperature gradient for the crystal growth, and ensure the
stability of a crystallization process of the crystal. A tem-
perature field with good symmetry and stability may avoid
problems of cracking and abnormal growth during the
crystal growth. The temperature field device may include a
first hollow column and two cover plates covering two ends
of the first hollow column, respectively. Specifically, two
cover plates may be connected to the two ends of the first
hollow column. The connection may include a bonding
connection, a welding connection, a rveting connection, a
key connection, a bolting connection, a buckle connection,
or the like, or any combination thereof. Alternatively, a first
end of the two ends of the first hollow column may be
connected to one cover plate of the two cover plates (e.g., via
a detachable connection), a second end of the two ends may
be integrally formed with the other cover plate, or connected
to the other cover plate via a non-detachable connection. A
second hollow column with a height less than that of the first
hollow column may be mounted inside the first hollow
column. A space between the first hollow column and the
second hollow column and/or a space 1n the second hollow
column may be filled with a substance used for heat pres-
ervation. For example, the space between the first hollow
column and the second hollow column and the space in the
second hollow column may be filled with the substance. As
another example, the space between the first hollow column
and the second hollow column may be filled with a sub-
stance used for heat preservation, and the space in the
second hollow column may not be filled with the substance.
As a further example, the space between the first hollow
column and the second hollow column may not be filled with
the substance, and the space in the second hollow column
may be filled with the substance. The substance filled 1n the
second hollow column may also be configured to support a
crucible used for holding the reactants. A heater may be
mounted above the crucible, which may be configured to
decrease the temperature gradient above the crucible. In
addition, an end of the second hollow column near the cover
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plate mounted on a top of the first hollow column may be
connected with a heat preservation board to further improve
the heat preservation eflect. In this case, the temperature
field device described 1n the present disclosure may provide
a reaction environment with good heat preservation perfor-
mance, stable temperature field gradient, and good symme-
try due to the hollow columns and the substance used for
heat preservation, which may be beneficial to the crystal
growth. More descriptions regarding the temperature field
device may be found elsewhere 1n the present disclosure
(e.g., FIGS. 2-5), which are not repeated here.

In step 130, a flowing gas may be introduced into the
crystal growth device after the crystal growth device is
sealed. In some embodiments, the sealing of the crystal
growth device may refer to that except for necessary contact,
there 1s no gas exchange between the crystal growth device
and the atmospheric environment. For example, a hearth of
an open single crystal growth furnace may be opened and an
operator (e.g., a worker) may directly observe the tempera-
ture field device in the open single crystal growth furnace,
whereas, the temperature field device should be sealed and
have no gas exchange with the atmospheric environment. As
another example, an interior of a vacuum single crystal
growth furnace may be vacuum, and the crystal growth
device may have no gas exchange with the atmospheric
environment. To realize the seal of the crystal growth device,
a sealing ring, vacuum grease, and/or other sealing material
may be mounted at joints among various components of the
crystal growth device. It can be understood that a suitable
protective gas may reduce volatilization of a reactant (e.g.,
s1licon oxide) to a certain extent, thereby solving a problem
of composition deviation of the crystal during the crystal
growth. In some embodiments, the flowing gas may be
introduced 1nto the crystal growth device (e.g., the tempera-
ture field device) after the crystal growth device 1s sealed.
The flowing gas may enter from an inlet of the crystal
growth device and flows out from an outlet of the crystal
growth device. The flowing gas may include oxygen, nert
gas, or the like, or any combination thereof. It should be
noted that the inert gas described in the present disclosure
may 1include nitrogen. In some embodiments, when the
flowing gas 1s a mixed gas of oxygen and one or more of
nitrogen and inert gas, a volume ratio of oxygen may be
0.001%~10%. Preferably, the volume ratio of oxygen may
be 0.01%~10%. More preferably, the volume ratio of oxy-
gen may be 0.1%~10%. More preferably, the volume ratio of
oxygen may be 1%~10%. More preferably, the volume ratio
of oxygen may be 2% 9%. More preferably, the volume ratio
of oxygen may be 3%~8%. More preferably, the volume
ratio ol oxygen may be 4%~7%. More preferably, the
volume ratio of oxygen may be 5%~6%. To ensure that the
flowing gas may not aflect the reactants, for example, to
bring 1n an impurity, purity of the flowing gas may be greater
than 99%. Preferably, the purity of the flowing gas may be
greater than 99.9%. More preferably, the purity of the
flowing gas may be greater than 99.99%. More preferably,
the purity of the flowing gas may be greater than 99.999%.
When mtroducing the flowing gas to the crystal growth
device, a flow rate of the flowing gas may be 0.01 L/min~50
[/min. Preferably, the flow rate of the flowing gas may be
0.1 L/min~50 L/min. More preferably, the flow rate of the
flowing gas may be 1 L/min~50 L/min. More preferably, the
flow rate of the flowing gas may be 5 L/min~45 L/min. More
preferably, the flow rate of the flowing gas may be 10
L/min~40 L/min. More preferably, the flow rate of the
flowing gas may be 15 L/min~35 L/min. More preferably,
the flow rate of the tlowing gas may be 20 L/min~30 L/min.
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More preferably, the flow rate of the flowing gas may be 21
L/min~29 L/min. More preferably, the flow rate of the
flowing gas may be 22 L/min~28 L/min. More preferably,
the flow rate of the flowing gas may be 23 L/min~27 L/min.
More preferably, the tflow rate of flowing gas may be 24
L/min~26 L/min.

In step 140, the crystal growth device may be activated
and the crystal growth may be executed based on the
Czochralski technique. In some embodiments, the activating
of the crystal growth device may include energizing and/or
activating a cooling component. The reactants may be used
for the crystal growth after being melted by heating. After
being energized, a medium {frequency induction coil
mounted 1n the single crystal growth furnace may heat the
crucible to melt the reactants in the crucible. In some
embodiments, a melting time of the reactants may be 5
hours~48 hours. Preferably, the melting time of the reactants
may be 10 hours~40 hours. More preferably, the melting
time of the reactants may be 15 hours~35 hours. More
preferably, the melting time of the reactants may be 20
hours~30 hours. More preferably, the melting time of the
reactants may be 22 hours~28 hours. More preferably, the
melting time of the reactants may be 23 hours~27 hours.
More preferably, the melting time of the reactants may be 24
hours~26 hours. More preferably, the melting time of the
reactants may be 24.5 hours~25.5 hours. Since a high
temperature (e.g., 1900° C.) 1s required during the crystal
growth, a plenty of heat radiation may be generated to the
external environment. Further, since the crystal growth time
(e.g., Tour days to forty days) 1s relatively long, the heat
radiation may affect the performance of the crystal growth
device. Accordingly, the cooling component may be used to
reduce the heat radiation. A cooling manner of the cooling
component may include a liquid cooling mode, an air
cooling mode, or the like, or any combination thereof. For
the liquid cooling mode, a cooling liquid may 1nclude water,
cthanol, ethylene glycol, 1sopropanol, n-hexane, or the like,
or any combination thereof. For example, the cooling liquid
may include a 50:50 mixture of water and ethanol.

The Czochralski technique disclosed in the present dis-
closure may include a melting process, a seed crystal pre-
heating process, a seeding process, a temperature adjustment
process, a necking process, a shouldering process, an con-
stant diameter growth process, an ending process, a cooling
process, a crystal removing process, etc. The melting pro-
cess may reler to a process during which the temperature
may be increased to a certain value via a temperature
increasing process, the reactants may be melted to form a
melt, and a certain temperature (1.¢., temperature gradient)
can be kept 1n the crystal growth device. The crucible 1n the
crystal growth device may be used as a heater and heat may
be radiated from the crucible to the surroundings to form the
temperature gradient in the crystal growth device. The
temperature gradient may refer to a change rate of the
temperature at a certain point toward a temperature of an
adjacent point in the crystal growth device, which may also
be referred to as a change rate of the temperature per unit
distance. Merely by way of example, a temperature change
from a point M to a point N 1s (I'1-T2), and a distance
between the two pomts 1s (rl-r2), and the temperature
gradient from the point M to the point N may be represented
as AT=(T1-T12)/(r1-r2). During the crystal growth, a suit-
able temperature gradient 1s needed. For example, during the
crystal growth, a large enough temperature gradient AT
along a vertical direction 1s need, which can disperse the
latent heat of crystallization generated during the crystal
growth, thereby keep the crystal growth stable. Meanwhile,
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a temperature of the melt below a growth intertace should be
higher than a crystallization temperature, so that the local
growth of crystal would not be too fast and the growth
interface would be stable, thereby keeping the growth stable.
The temperature gradient may be determined based on a
location of a heating center. The heating center during the
melting process may aflect the determination of the tem-
perature gradient. In some embodiments, during the melting
process, the reactants may be melted and then solidified to
form a polycrystalline material, when a diameter of the
polycrystalline material reaches 40 mm, the temperature
increasing operation may be stopped. An upper limit of the
temperature 1ncreasing operation may be determined
according to a temperature or a heating power (e.g., a power
of the induction coil) at a time when a screw rod started to
be pulled up when the crystal growth device was used at the
last time. For example, the heating power may be less than
the heating power at the time when the pulling rod started to
be pulled up at the last time by 300-500 watts. A temperature
increasing rate may be determined based on the temperature
at which the pulling started to be pulled up at the last time.
For example, the temperature increasing rate may be a ratio
the temperature and the time (e.g., 24 hours). After tem-
perature increasing operation 1s completed, the temperature
may be maintained for 0.5 hours~1 hour. According to a
melting condition of the reactants, the temperature may be
continually increased or decreased.

In some embodiments, a melting time of the reactants may
be 5 hours~48 hours by heating the reactants during a crystal
growth process. Preferably, the melting time of the reactants
may be 7 hours~46 hours. More preferably, the melting time
of the reactants may be 9 hours~44 hours. More preferably,
the melting time of the reactants may be 11 hours~42 hours.
More preferably, the melting time of the reactants may be 13
hours~40 hours. More preferably, the melting time of the
reactants may be 15 hours~38 hours. More preferably, the
melting time of the reactants may be 17 hours~36 hours.
More preferably, the melting time of the reactants may be 19
hours~34 hours. More preferably, the melting time of the
reactants may be 21 hours~32 hours. More preferably, the
melting time of the reactants may be 23 hours~30 hours.
More preferably, the melting time of the reactants may be 25
hours~28 hours. More pretferably, the melting time of the
reactants may be 10 hours~30 hours.

The seed crystal preheating process may refer to a process
in which the seed crystal may be fixed on a top of the pulling
rod and slowly dropped into the temperature field during the
melting process, which can make a temperature of the seed
crystal close to that of the melt, thereby avoiding cracking
of the seed crystal when a supercooled seed crystal contacts
with the melt 1n subsequent operations. During the seed
crystal preheating process, a dropping speed of the seed
crystal may be 50 mm/h~800 mm/h. Preferably, the drop-
ping speed of the seed crystal may be 100 mm/h~750 mm/h.
More preferably, the dropping speed of the seed crystal may
be 150 mm/h~700 mm/h. More preferably, the dropping
speed of the seed crystal may be 200 mm/h~650 mm/h.
More preferably, the dropping speed of the seed crystal may
be 250 mm/h~600 mm/h. More preferably, the dropping
speed of the seed crystal may be 300 mm/h~5350 mm/h.
More preferably, the dropping speed of the seed crystal may
be 350 mm/h~3500 mm/h. More preferably, the dropping
speed of the seed crystal may be 400 mm/h~450 mm/h.
During the seed crystal preheating process, a distance
between the seed crystal and an upper surface of the reac-
tants may be 5 mm~10 mm. Preferably, the distance between
the seed crystal and the upper surface of the reactants may
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be 6 mm~9 mm. Preferably, the distance between the seed
crystal and the upper surface of the reactants may be 7
mm-~g3 mim.

The seeding process may refer to a process i which the
pulling rod may be dropped to cause the seed crystal to
contact with the melt after the reactants are completely
melted or a diameter of the reactants which have not been
melted 1s a predetermined value. A dropping speed of the
seed crystal may be 5 mm/h~100 mm/h. Preferably, the
dropping speed of the seed crystal may be 10 mm/h~90
mm/h. More preferably, the dropping speed of the seed
crystal may be 20 mm/h~80 mm/h. More preferably, the
dropping speed of the seed crystal may be 30 mm/h~70
mm/h. More preferably, the dropping speed of the seed
crystal may be 40 mm/h~60 mm/h. More preferably, the
dropping speed of the seed crystal may be 50 mm/h~60
mm/h. The temperature adjustment process may refer to a
process 1n which a temperature in the crystal growth device
may be adjusted to a suitable temperature for the crystal
growth. In some embodiments, an operator may determine
whether the temperature 1s suitable for the crystal growth by
observing a solid-liquid interface of the seed crystal. A
power may be decreased in response to that the temperature
1s higher than a temperature threshold, and/or the power may
be increased 1n response to that the temperature 1s lower than
the temperature threshold, until the seed crystal shrinks
slightly. Durning the temperature adjustment process, the
seed crystal may be sunk by 0.1 mm~50 mm. Preferably, the
seed crystal may be sunk by 1 mm~50 mm. More preferably,
the seed crystal may be sunk by 10 mm~40 mm. More
preferably, the seed crystal may be sunk gain by 20 mm~30
mm. More preferably, the seed crystal may be sunk by 21
mm-~29 mm. More preferably, the seed crystal may be sunk
by 22 mm~28 mm. More preferably, the seed crystal may be
sunk by 23 mm~27 mm. More preferably, the seed crystal
may be sunk by 24 mm~26 mm. In some embodiments, a
rate of temperature adjustment may be 100-300 watts/0.1
hours. After the temperature adjustment process 1s com-
pleted, the temperature 1nside the crystal growth device may
be kept at 1950° C.~2150° C. for 0.1 hours~1 hour. Then, the
screw rod may be rotated to pull the pulling rod up. After the
seed crystal passed through a second cover plate and during
the subsequent crystal growth process, a rotation rate of the
pulling rod may be 0.01 rpm/min~35 rpm/min. More prei-
crably, the rotation rate of the pulling rod may be 0.1
rpm/min~35 rpm/min. More preferably, the rotation rate of
the pulling rod may be 1 rpm/min~35 rpm/min. More
preferably, the rotation rate of the pulling rod may be 3
rpm/min~30 rpm/min. More preferably, the rotation rate of
the pulling rod may be 10 rpm/min~25 rpm/min. More
preferably, the rotation rate of the pulling rod may be 15
rpm/min~20 rpm/min.

The necking process may refer to a process 1n which the
temperature may be slowly increased to cause a temperature
of a zero pomt of the melt (i.e., a temperature of a center
point of the liquid surface in crucible) to be slightly higher
than the melting point of the crystal, a diameter of a newly
grown crystal during the rotation and pulling up of the seed
crystal may be gradually decreased. The necking process
may reduce the extension of crystal dislocations from the
seed crystal to a single crystal below a neck. The shouldering
processing may refer to a process in which when atoms or
molecules on a solid-liquid interface at a boundary between
the seed crystal and the melt begin to be arranged 1n a
structure of the seed crystal, the temperature 1n the tempera-
ture field may be slowly decreased according to a real-time
growth rate of the crystal to expand the seed crystal accord-
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ing to a preset angle. In some embodiments, a shoulder angle
may be 30 degrees~70 degrees. More preferably, the shoul-
der angle may be 40 degrees~60 degrees. More preferably,
the shoulder angle may be 45 degrees~355 degrees. More
preferably, the shoulder angle may be 46 degrees 54 degrees.
More preferably, the shoulder angle may be 47 degrees~53
degrees. More preferably, the shoulder angle may be 48
degrees~52 degrees. More preferably, the shoulder angle
may be 49 degrees~51 degrees. A shoulder length may be 40
mm~130 mm. Preferably, the shoulder length may be 50
mm-~120 mm. More preferably, the shoulder length may be
60 mm~110 mm. More preferably, the shoulder length may
be 70 mm~100 mm. More preferably, the shoulder length
may be 80 mm~90 mm.

The constant diameter growth process may refer to a
process 1n which a rod-like structure with a diameter deter-
mined during the shouldering process may be obtained. In
some embodiments, the diameter of the crystal growth may
be 10 mm~200 mm. Preferably, the length of the constant
diameter of the crystal growth may be 20 mm~180 mm.
More preferably, the length of the constant diameter of the
crystal growth may be 50 mm~150 mm. More preferably,
the length of the constant diameter of the crystal growth may
be 60 mm~140 mm. More preferably, the length of the
constant diameter of the crystal growth may be 70 mm~130
mm. More preferably, the length of the constant diameter of
the crystal growth may be 80 mm~120 mm. More prefer-
ably, the length of the constant diameter of the crystal
growth may be 90 mm~110 mm.

The ending process may refer to a process in which the
crystal may be raised up to be separated from the melt when
the crystal grows to a predetermined length. The ending
process may be a reverse operation ol the shouldering
process. The diameter of the crystal may be reduced until the
crystal 1s separated from the melt by changing a pulling
speed of the pulling rod, or the diameter of the crystal may
be reduced to a preset diameter such as 10 mm. An automatic
control program may be used to calculate a change of the
diameter of the crystal based on a predetermined parameter
of the ending process, and perform the ending process
according to a preset angle by increasing or decreasing the
temperature. In some embodiments, an ending angle may be
30 degrees~70 degrees. Preferably, the ending angle may be
40 degrees~60 degrees. More preferably, the ending angle
may be 45 degrees~535 degrees. More preferably, the ending
angle may be 46 degrees~34 degrees. More preferably, the
ending angle may be 47 degrees~53 degrees. More prefer-
ably, the ending angle may be 48 degrees~52 degrees. More
preferably, the ending angle may be 49 degrees~51 degrees.
An ending length of the crystal may be 40 mm~110 mm.
More preferably, the ending length of the crystal may be 50
mm~100 mm. More preferably, the ending length of the
crystal may be 60 mm~90 mm. More preferably, the ending
length of the crystal may be 70 mm~80 mm.

The cooling process may refer to a process in which a
temperature may be slowly decreased after the ending
process 1s completed, to eliminate a stress within the crystal,
which may be formed in the high-temperature crystal
growth. According to a crystal growth method of the present
disclosure, an annealing operation may be performed on the
crystal during the cooling process. By mntroducing an oxy-
gen-rich tlowing gas into the crystal growth device, on one
hand, a volatilization of S102 may be reduced and a poor
performance consistency of the crystal caused by the com-
position deviation during the crystal growth may be avoided;
on the other hand, an oxygen-deficient condition would not
occur during the crystal growth, thereby reducing crystal
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lattice distortion caused by occurrence of oxygen vacancies
in the crystal. In this case, the annealing operation can be
performed during the crystal growth, accordingly, 1t 1s not
necessary to perform the annealing operation after the
crystal growth. In some embodiments, when the temperature
drops to 1400° C.~800° C., the volume ratio of oxygen in the
flowing gas may be increased to cause the oxygen to
cllectively difluse into the crystal. In some embodiments,
during 1ncreasing the volume ratio of oxygen, a cooling rate
of the crystal may also be slowed, or a stepwise cooling
process may be performed to cause the oxygen to diffuse
more fully. In some embodiments, when the flowing gas
includes a mixed gas of oxygen and one or more of nitrogen
and 1nert gas and the temperature drops to 1400° C.~800° C.,
the volume of oxygen 1n the flowing gas may be increased
to 1%-30% during the cooling process. Preferably, when the
temperature drops to 1400° C.~800° C., the volume ratio of
oxygen 1n the flowing gas may be increased to 2%~28%.
More preferably, when the temperature drops to 1400°
C.~800° C., the volume ratio of oxygen 1n the flowing gas
may be increased to 5%~25%. More preferably, when the
temperature drops to 1400° C.~800° C., the volume ratio of
oxygen 1n the flowing gas may be increased to 10%~20%.
More pretferably, when the temperature drops to 1400°
C.~800° C., the volume ratio of oxygen 1n the flowing gas
may be increased to 13%~17%. More preferably, when the
temperature drops to 1400° C.~800° C., the volume ratio of
oxygen 1n the flowing gas may be increased to 14%~16%.
When the temperature 1s lower than 800° C., the volume
ratio of oxygen 1n the tflowing gas may be at least decreased
to a volume ratio of oxygen in a previous crystal growth
process, which may be 0.001%~20%. In some embodi-
ments, a cooling time of the crystal may be 20 hours~100
hours. More preferably, the cooling time of crystal may be
30 hours~90 hours. More preferably, the cooling time of the
crystal may be 40 hours~80 hours. More preferably, the
cooling time of the crystal may be 50 hours~70 hours. More
preferably, the cooling time of the crystal may be 55
hours~65 hours. In some embodiments, assuming that T 1s
the temperature after the ending process, a decreasing rate of
a crystal temperature during the cooling process may be
1/(20-100) hours. In some embodiments, the decreasing
rate of the crystal temperature may be 15° C./h~95° C./h.
More preferably, the decreasing rate of the crystal tempera-
ture may be 20° C./h~63° C./h. More preferably, the
decreasing rate of the crystal temperature may be 23°
C./h~47° C./h. More preferably, the decreasing rate of the
crystal temperature may be 26° C./h~38° C./h. More pret-
erably, the decreasing rate of the crystal temperature may be
28° C./h~34° C./h. When an output heating power (e.g., the
heating power of the induction coil) 1s O, the crystal growth
may end.

The crystal removing process may refer to a process in
which the grown crystal may be taken out from the crystal
growth device when an internal temperature of the crystal
growth device drops to the room temperature. In the crystal
growth process, according to a setting of various process
parameters in different stages of the crystal growth process,
a growth rate of the crystal may be 0.01 mm/h~6 mm/h.
Preferably, the growth rate of the crystal may be 0.1 mm/h~6
mm/h. More preferably, the growth rate of the crystal may
be 1 mm/h~6 mm/h. More preferably, the growth rate of the
crystal may be 2 mm/h~5 mm/h. More preferably, the
growth rate of the crystal may be 3 mm/h~4 mm/h. A
diameter of an obtained crystal may be 50 mm~115 mm. A
diameter of a grown crystal may be equal to or greater than
60 mm, such as 60 mm~100 mm (e.g., 60 mm), 70 mm~100
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mm (e.g., 95 mm). A constant diameter may be reached to
more than 180 mm, such as 180 mm~200 mm, 200 mm, 190
mm, or 195 mm~200 mm.

In some embodiments, one or more processes in the
crystal growth may be controlled by a PID controller. The
one or more process may include but are not limited to the
necking process, the shouldering process, the constant diam-
cter growth process, the ending process, the cooling process,
etc. In some embodiments, a PID parameter may be 0.1-~5.
Preferably, the PID parameter may be 0.5~4.5. More pret-
erably, the PID parameter may be 1~4. More preferably, the
PID parameter may be 1.5~3.5. More preferably, the PID
parameter may be 2~3. More preferably, the PID parameter
may be 2.5~3.5.

It should be noted that the embodiments mentioned above
are only used to illustrate the techmical solutions of the
present disclosure but not to limit the technical solutions.
Various modifications to the disclosed embodiments will be
readily apparent to those skilled in the art, and the general
principles defined herein may be applied to other embodi-
ments and applications without departing from the spirit and
scope of the present disclosure. Thus, the present disclosure
1s not limited to the embodiments shown, but to be accorded
the widest scope consistent with the claims.

FIG. 2 1s a schematic diagram illustrating an exemplary
temperature field device according to some embodiments of
the present disclosure. It should be noted that FIG. 2 1s
provided for illustration purposes and does not limit the
shape and/or structure of the temperature field device. The
temperature field device 200 may be mounted in a crystal
growth device to provide temperature gradient for crystal
growth and ensure the stability of a crystallization process of
the crystal. As shown 1n FIG. 2, the temperature field device
200 may 1include a bottom plate 202, a first drum 204, a
second drum 206, a filler 208, a first cover plate 210, a
second cover plate 212, a heater 226, an observation unit
218, a sealing ring 220, a pressure ring 222, and a gas
channel 224. The temperature field device 200 may be
placed 1n the crystal growth device such as a single crystal
growth furnace. Specifically, the temperature field device
200 may be placed 1n an induction coil 216 in the single
crystal growth, the crucible 214 may be placed in the
temperature field device 200, and the heater 226 may be
mounted above the crucible 214.

The bottom plate 202 may be mounted on a bottom of the
temperature field device 200 to support other components of
the temperature field device 200, for example, the first drum
204, the second drum 206, the filler 208, etc. In some
embodiments, a material of the bottom plate 202 may
include a heat retlective material with a relatively high
reflection coethicient, for example, gold, silver, nickel, alu-
minum foil, copper, molybdenum, coated metal, stainless
steel, or the like, or any combination thereof. Preferably, the
bottom plate 202 may include a copper plate. In some
embodiments, a diameter of the bottom plate 202 may be
200 mm~500 mm. Preferably, the diameter of the bottom
plate 202 may be 250 mm~4350 mm. More preferably, the
diameter of the bottom plate 202 may be 300 mm~400 mm.
More preferably, the diameter of the bottom plate 202 may
be 310 mm~390 mm. More preferably, the diameter of the
bottom plate 202 may be 320 mm~380 mm. More prefer-
ably, the diameter of the bottom plate 202 may be 430
mm~370 mm. More preferably, the diameter of the bottom
plate 202 may be 440 mm~360 mm. In some embodiments,
a thickness of bottom plate 202 may be 10 mm~40 mm.
Preferably, the thickness of the bottom plate 202 may be 15
mm-~35 mm. More preferably, the thickness of the bottom
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plate 202 may be 20 mm~30 mm. More preferably, the
thickness of the bottom plate 202 may be 21 mm~29 mm.
More preferably, the thickness of the bottom plate 202 may
be 22 mm~28 mm. More preferably, the thickness of the
bottom plate 202 may be 23 mm~27 mm. More preferably,
the thickness of the bottom plate 202 may be 24 mm~26
mm. Since the temperature field device 200 may be placed
in a furnace body of the single crystal growth furnace, the
bottom plate 202 may be placed or mounted on a mounting,
plate of the furnace body. A mode of placing or mounting the
bottom plate 202 may include a welding mode, a riveting,
mode, a bolting mode, a bonding mode, or the like, or any
combination thereof. A level of the bottom plate 202 may be
less than 0.5 mm/m. Preferably, the level of the bottom plate
202 may be less than 0.4 mm/m. More preferably, the level
of the bottom plate 202 may be less than 0.3 mm/m. More
preferably, the level of the bottom plate 202 may be less than
0.2 mm/m. More preferably, the level of the bottom plate
202 may be less than 0.1 mm/m. More preferably, level of
the bottom plate 202 may be less than 0.09 mm/m. More
preferably, the level of the bottom plate 202 may be less than
0.08 mm/m. More preferably, the level of the bottom plate
202 may be less than 0.07 mm/m. More preferably, the level
of the bottom plate 202 may be less than 0.06 mm/m. More
preferably, the level of the bottom plate 202 may be less than
0.05 mm/m. More preferably, the level of the bottom plate
202 may be less than 0.04 mm/m. More preferably, the level
of the bottom plate 202 may be less than 0.03 mm/m. More
preferably, the level of the bottom plate 202 may be less than
0.02 mm/m. More preferably, the level of the bottom plate
202 may be less than 0.01 mm/m. When the temperature
field device 200 1s used, an internal temperature may reach
a relatively ligh temperature, for example, 1900° C. There-
fore, 1t 1s necessary to reduce heat radiation of the tempera-
ture field device 200 to prevent the furnace body from being,
damaged by excessive heat. In this case, the bottom plate
202 may be provided with channel(s) for circulation cooling
fluid, circulation cooling fluid which may be used to absorb
the heat inside the temperature field device 200, thereby
insulating the heat and reducing the heat radiation. The
channel(s) may be mounted inside the bottom plate 202 with
a spiral shape or a snake shape. The cooling liquid may
include water, ethanol, ethylene glycol, isopropyl alcohol,
n-hexane or the like, or any combination thereof. Merely by
way ol example, the cooling liquid may include a 50:50
mixed liquid of water and ethanol. A count of the circulating
cooling liquid channel(s) may be one or more, for example,
1~3. In some embodiments, diameter(s) of the circulating
cooling liquid channel(s) may be 5 mm~25 mm. Preferably,
the diameter(s) of the circulating cooling liquid channel(s)
may be 10 mm~20 mm. More preferably, the diameter(s) of
the circulating cooling liquid channel(s) may be 11 mm~19
mm. More preferably, the diameter(s) of the circulating
cooling liquid channel(s) may be 12 mm~18 mm. More
preferably, the diameter(s) of the circulating cooling liquid
channel(s) may be 13 mm~17 mm. More preferably, the
diameter(s) of the circulating cooling liquid channel(s) may
be 14 mm~15 mm.

The first drum 204 may be mounted on the bottom plate
202 and constitute an outer wall of the temperature field
device 200. The bottom plate 202 may cover an open end of
the first drum 204. The first drum 204 may be mounted on
the bottom plate 202 via a welding mode, a riveting mode,
a bolting mode, a bonding mode, or the like, or any
combination thereot, to support the temperature field device
200. The first drum 204 may achieve the sealing and the heat
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with other components (e.g., the bottom plate 202, the first
cover plate 210) of the temperature field device 200. When
the first drum 204 1s being mounted, a concentricity of the
first drum 204 and the bottom plate 202 may be less than 1
mm. Preferably, the concentricity of the first drum 204 and
the bottom plate 202 may be less than 0.9 mm. More
preferably, the concentricity of the first drum 204 and the
bottom plate 202 may be less than 0.8 mm. More preferably,
the concentricity of the first drum 204 and the bottom plate
202 may be less than 0.7 mm. More preferably, the concen-
tricity of the first drum 204 and the bottom plate 202 may be
less than 0.6 mm. More preferably, the concentricity of the
first drum 204 and the bottom plate 202 may be less than 0.5
mm. More preferably, the concentricity of the first drum 204
and the bottom plate 202 may be less than 0.4 mm. More
preferably, the concentricity of the first drum 204 and the
bottom plate 202 may be less than 0.3 mm. More preferably,
the concentricity of the first drum 204 and the bottom plate
202 may be less than 0.2 mm. More preferably, the concen-
tricity of the first drum 204 and the bottom plate 202 may be
less than 0.1 mm. A perpendicularity of the first drum 204
and the bottom plate 202 may be less than 0.2 degrees.
Preferably, the perpendicularity of the first drum 204 and the
bottom plate 202 may be less than 0.15 degrees. More
preferably, the perpendicularity of the first drum 204 and the
bottom plate 202 may be less than 0.1 degrees. More
preferably, the perpendicularity of the first drum 204 and the
bottom plate 202 may be less than 0.05 degrees. More
preferably, the perpendicularity of the first drum 204 and the
bottom plate 202 may be less than 0.03 degrees. In some
embodiments, the first drum 204 may be made of quartz,

alumina (e.g., corundum), zirconia, graphite, carbon fiber, or
the like, or any combination thereof According to a size of
the bottom plate 202, an inner diameter of the first drum 204
may be 180 mm~450 mm. Preferably, the mnner diameter of
the first drum 204 may be 200 mm~430 mm. More prefer-
ably, the mner diameter of the first drum 204 may be 220
mm~410 mm. More preferably, the inner diameter of the
first drum 204 may be 250 mm~380 mm. More preferably,
the inner diameter of the first drum 204 may be 270 mm~360
mm. More preferably, the inner diameter of the first drum
204 may be 300 mm~330 mm. More preferably, the inner
diameter of the first drum 204 may be 310 mm~320 mm. In
some embodiments, a thickness of the first drum 204 be 1

mm-~15 mm. Preferably, the thickness of the first drum 204
be 3 mm~12 mm. More preferably, the thickness of the first
drum 204 be 5 mm~10 mm. More preferably, the thickness
of the first drum 204 be 6 mm~9 mm. More preferably, the
thickness of the first drum 204 be 7 mm~8 mm. A height of
the first drum 204 may be 600 mm~1600 mm. Preferably,
the height of the first drum 204 may be 700 mm~1500 mm.

More preferably, the height of the first drum 204 may be 800
mm-~1400 mm. More preferably, the height of the first drum
204 may be 900 mm~1300 mm. More preferably, the height
of the first drum 204 may be 1000 mm~1200 mm. More
preferably, the height of the first drum 204 may be 1050
mm-~1150 mm. More preferably, the height of the first drum
204 may be 1060 mm~1140 mm. More preferably, the
height of the first drum 204 may be 1070 mm~1130 mm.
More preferably, the height of the first drum 204 may be
1080 mm~1120 mm. More preferably, the height of the first
drum 204 may be 1090 mm~1110 mm. More preferably, the
height of the first drum 204 may be 1095 mm~105 mm. The
second drum 206 may be mounted in the first drum 204. In
some embodiments, the second drum 206 may be made of
a material with relatively good heat resistance to maintain a
temperature of the crystal growth stable. The second drum
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206 may be made of zirconia, alumina, graphite, ceramics,
etc. More preferably, the second drum 206 may include a
zirconium tube made of zircoma. To match with the size of
the first drum 204, an 1nner diameter of the second drum 206
may be 70 mm~300 mm. Preferably, the inner diameter of
the second drum 206 may be 100 mm~270 mm. More
preferably, the inner diameter of the second drum 206 may
be 120 mm~250 mm. More preferably, the mner diameter of
the second drum 206 may be 150 mm~220 mm. More
preferably, the inner diameter of the second drum 206 may
be 170 mm~200 mm. More preferably, the mnner diameter of
the second drum 206 may be 180 mm~270 mm. A thickness
of the second drum 206 may be 8 mm~30 mm. Preferably,
the thickness of the second drum 206 may be 10 mm~30
mm. More preferably, the thickness of the second drum 206
may be 12 mm~30 mm. More preferably, the thickness of
the second drum 206 may be 15 mm~25 mm. More pret-
crably, the thickness of the second drum 206 may be 16
mm~24 mm. More preferably, the thickness of the second
drum 206 may be 17 mm~23 mm. More preferably, the
thickness of the second drum 206 may be 18 mm~22 mm.
More preferably, the thickness of the second drum 206 may
be 19 mm~21 mm. In some embodiments, an end of the
second drum 206 may be placed or mounted on the bottom
plate 202, for example, via a bonding connection, a welding,
connection, a riveting connection, a key connection, a bolt-
ing connection, a buckle connection, or the like, or any
combination thereof. A concentricity of the second drum 206
and the bottom plate 202 may be less than 1 mm. Preferably,
the concentricity of the second drum 206 and the bottom
plate 202 may be less than 0.9 mm. More preferably, the
concentricity of the second drum 206 and the bottom plate
202 may be less than 0.8 mm. More preferably, the concen-
tricity of the second drum 206 and the bottom plate 202 may
be less than 0.7 mm. More preferably, the concentricity of
the second drum 206 and the bottom plate 202 may be less
than 0.6 mm. More preferably, the concentricity of the
second drum 206 and the bottom plate 202 may be less than
0.5 mm. More preferably, the concentricity of the second
drum 206 and the bottom plate 202 may be less than 0.4 mm.
More preferably, the concentricity of the second drum 206
and the bottom plate 202 may be less than 0.3 mm. More
preferably, the concentricity of the second drum 206 and the
bottom plate 202 may be less than 0.2 mm. More preferably,
the concentricity of the second drum 206 and the bottom
plate 202 may be less than 0.1 mm. A perpendicularity of the
second drum 206 may be less than 0.2 degrees. Preferably,
the perpendicularity of the second drum 206 may be less
than 0.15 degrees. More preferably, the perpendicularity of
the second drum 206 may be less than 0.1 degree. More
preferably, the perpendicularity of the second drum 206 may
be less than 0.08 degrees. More preferably, the perpendicu-
larity of the second drum 206 may be less than 0.05 degrees.
In some embodiments, when the second drum 206 1s
mounted on the bottom plate 202, according to different
heights, the second drum 206 may be 1n different mounting
states. When the height of the second drum 206 1s the same
as that of the first drum 204, the mounting state of the second
drum 206 may be similar to that of the first drum 204, that
1s, an open end of the second drum 206 may be connected
to the bottom plate 202 and the other open end may be
connected to the first cover plate 210. When the height of the
second drum 206 1s less than that of the first drum 204, the
other open end of the second drum 206 may be connected to
other components (e.g., the second cover plate 212) of the
temperature field device 200. The second cover plate 212
may cover the other open end of the second drum 206.
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Meanwhile, a size and/or a shape (e.g., a diameter of a circle
cover plate) of the second cover plate 212 may match a cross
section of the first drum 204 to achieve a seamless connec-
tion with the first drum 204. In some embodiments, the
second drum 206 may not be mounted on the bottom plate

202. When the height of the second drum 206 1s less than
that of the first drum 204, an end of the second drum 206
may be mounted on other components (e.g., the first cover
plate 210, the second cover plate 212) of the temperature
field device 200, and the other end of the second drum 206
may be kept at a certain distance from the bottom plate 202
(e.g., 1n a floating state). In some embodiments, the height
of the second drum 206 may be same as the height of the first
drum 204. The height of the second drum 206 may be 500
mm~1500 mm. Preferably, the height of the second drum
206 may be 600 mm~1400 mm. More preferably, the height
of the second drum 206 may be between 700 mm~1300 mm.
More preferably, the height of the second drum 206 may be
between 800 mm~1200 mm. More preferably, the height of
the second drum 206 may be 900 mm~1100 mm. More
preferably, the height of the second drum 206 may be 950
mm~1050 mm. More preferably, the height of the second
drum 206 may be 960 mm~1040 mm. More preferably, the

height of the second drum 206 may be 970 mm~1030 mm.
More preferably, the height of the second drum 206 may be
080 mm~1020 mm. More preferably, the height of the
second drum 206 may be 990 mm~1010 mm.

The filler 208 may be filled i the second drum 206,
and/or a space between the first drum 204 and the second
drum 206. The filler 208 may be configured for heat pres-
ervation. In some embodiments, a height and/or a tightness
of the filler 208 may change a position of a component (e.g.,
the crucible 214) supported by the filler 208 and/or a space
volume of the heat dissipation 1n temperature field device
200. Diflerent stable temperature gradients for different
crystal growths may be obtained by changing the height
and/or the tightness of the filler 208. The height of the filler
208 may determine a position of a heating center, which may
aflect the temperature gradient above a melt interface 1n a
vertical direction. A particle size and/or a tightness of the
filler 208 may determine the heat msulation capacity of the
filler 208 (e.g., the smaller the particle size 1s and the larger
the tightness 1s, the stronger the heat insulation capacity and
the stability may be), which may aflect the temperature
gradient below the melt interface 1n the vertical direction.
Diflerent heights, particle sizes, and/or tightness of the filler
208 may correspond to different temperature gradients. In
some embodiments, when the second drum 206 1s cracked,
the filler 208 filled in the space between the first drum 204
and the second drum 206 may act as a heat insulation layer
to prevent a change caused by a communication between the
temperature field device 200 and the external environment,
which may affect the crystal growth. The heat insulation
layer formed by the filler 208 may maintain the temperature
gradient 1n the temperature field device 200 1n the above-
mentioned case to avoid the sudden change of the tempera-
ture. In some embodiments, the filler 208 may made of heat
resistance material. A shape of the filler 208 may include
granular. The filler 208 may 1nclude zircon sand (zirconium
silicate compound), zirconia particles, alumina particles, etc.
A particle size of the filler 208 may be 5 mesh~200 mesh.
Preferably, the particle size of the filler 208 may be 10
mesh~190 mesh. More preferably, the particle size of the
filler 208 may be 20 mesh~180 mesh. More preferably, the
particle size of the filler 208 may be 30 mesh~170 mesh.
More preferably, the particle size of the filler 208 may be 40
mesh~160 mesh. More preferably, the particle size of the
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filler 208 may be 50 mesh~150 mesh. More preferably, the
particle size of the filler 208 may be 60 mesh~140 mesh.
More preferably, the particle size of the filler 208 may be 70
mesh~130 mesh. More preferably, the particle size of the
filler 208 may be 80 mesh~120 mesh. More preferably, the
particle size of the filler 208 may be 90 mesh~110 mesh.
More preferably, the particle size of the filler 208 may be 95
mesh~105 mesh. In some embodiments, the filler 208 may
include a substance with a shape of felt (e.g., a zircoma felt).
In some embodiments, the filler 208 may include a mixture
ol a substance with a shape of granular, a substance with a
shape of brick, and/or a substance with a shape of felt, for
example, a mixture of one or more of the zirconia felt, the
zircon sand, the zircomia particles, or the alumina particles.

In some embodiments, the filler 208 filled in the second
drum 206 may be used to support the crucible 214 contain-
ing the reactants for the crystal growth. The filler 208 may
cover a portion of the crucible 214, for example, a bottom
and a side wall of the crucible 214. To prevent the filler 208
from falling into the reactants in the crucible 214, an upper
edge of the crucible 214 may be higher than the filling height
of the filler 208 filled i1n the second drum 206. In some
embodiments, the second drum 206 may prevent the filler
208 filled in the space between the first drum 204 and the
second drum 206 from falling into the crucible 214. In some
embodiments, the crucible 214 may be made of 1ridium (Ir),
molybdenum (Mo), tungsten (W), rhenium (Re), graphite
(C), tungsten-molybdenum alloy, or the like, or any combi-
nation thereof. Preterably, the crucible 214 may be made of
iridium. In some embodiments, a diameter of the crucible
214 may be 60 mm~250 mm. Preferably, the diameter of the
crucible 214 may be 80 mm~220 mm. More preferably, the
diameter of the crucible 214 may be 100 mm 200 mm. More
preferably, the diameter of the crucible 214 may be 110
mm-~190 mm. More preferably, the diameter of the crucible
214 may be 120 mm~180 mm. More preferably, the diam-
cter of the crucible 214 may be 130 mm~170 mm. More
preferably, the diameter of the crucible 214 may be 140
mm-~160 mm. More preferably, the diameter of the crucible
214 may be 145 mm~155 mm. A thickness of the crucible
214 may be 2 mm~4 mm. Preferably, the thickness of the
crucible 214 may be 2.2 mm~3.8 mm. More preferably, the
thickness of the crucible 214 may be 2.5 mm~3.5 mm. More
preferably, the thickness of the crucible 214 may be 2.6 mm
3.4 mm. More preferably, the thickness of the crucible 214
may be 2.7 mm~3.3 mm. More preferably, the thickness of
the crucible 214 may be 2.8 mm~3.2 mm. More preferably,
the thickness of the crucible 214 may be 2.9 mm~3.1 mm.
A height of crucible 214 may be 60 mm~250 mm. Prefer-
ably, the height of the crucible 214 may be 80 mm~220 mm.
More preferably, the height of the crucible 214 may be 100
mm~200 mm. More preferably, the height of the crucible
214 may be 110 mm~190 mm. More preferably, the height
of the crucible 214 may be 120 mm~180 mm. More pret-
erably, the height of the crucible 214 may be 130 mm~170
mm. More preferably, the height of the crucible 214 may be
140 mm~160 mm. More preferably, the height of the cru-
cible 214 may be 145 mm~155 mm.

The heater 226 may be mounted above the crucible 214.
In some embodiments, the heater 226 may be used to reduce
a temperature gradient above the crucible 214, and prevent
cracking of the crystal caused by a sudden drop of the
temperature. A shape, a size, and/or a height of the heater
226 should meet a temperature gradient for crystal growth
and/or a temperature and a temperature gradient for anneal-
ing. The heater 226 may be disposed at an end of the 214
close to the temperature field device 200. In some embodi-
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ments, the heater 226 may be made of iridium (Ir), platinum
(Pt), molybdenum (Mo), tungsten (W), graphite (C), or the
like, or any combination thereof. In some embodiments, an
outer diameter of the heater 226 may be 60 mm~260 mm.
Preferably, the outer diameter of the heater 226 may be 70
mm~250 mm. More preferably, the outer diameter of the
heater 226 may be 80 mm~240 mm. More preferably, the
outer diameter of the heater 226 may be 90 mm~230 mm.
More preferably, the outer diameter of the heater 226 may be
100 mm~220 mm. More preferably, the outer diameter of the
heater 226 may be 110 mm~210 mm. More preferably, the
outer diameter of the heater 226 may be 120 mm~200 mm.
More preferably, the outer diameter of the heater 226 may be
130 mm~190 mm. More preferably, the outer diameter of the
heater 226 may be 140 mm~180 mm. More preferably, the
outer diameter of the heater 226 may be 150 mm~170 mm.
More preferably, the outer diameter of the heater 226 may be
160 mm~170 mm. An mner diameter of the heater 226 may
be 40 mm~240 mm. Preferably, the inner diameter of the
heater 226 may be 50 mm~230 mm. More preferably, the
inner diameter of the heater 226 may be 60 mm~220 mm.
More preferably, the inner diameter of the heater 226 may be
70 mm~210 mm. More preferably, the inner diameter of the
heater 226 may be 80 mm~200 mm. More preferably, the
inner diameter of the heater 226 may be 90 mm~190 mm.
More preferably, the mnner diameter of the heater 226 may be
100 mm~180 mm. More preferably, the inner diameter of the
heater 226 may be 110 mm~170 mm. More preferably, the
inner diameter of the heater 226 may be 120 mm~160 mm.
More preferably, the inner diameter of the heater 226 may be
130 mm~1350 mm. More preferably, the inner diameter of the
heater 226 may be 140 mm~150 mm. A thickness of the
heater 226 may be 2 mm~10 mm. Preferably, the thickness
of the heater 226 may be 3 mm~9 mm. More preferably, the
thickness of the heater 226 may be 4 mm~8 mm. More
preferably, the thickness of the heater 226 may be 5 mm-~7
mm. More preferably, the thickness of the heater 226 may be
6 mm~7 mm. A height of the heater 226 may be 2 mm~200
mm. Preferably, the height of the heater 226 may be 10
mm-~190 mm. More preferably, the height of the heater 226
may be 20 mm~180 mm. More preferably, the height of the
heater 226 may be 30 mm~170 mm. More preferably, the
height of the heater 226 may be 40 mm~160 mm. More
preferably, the height of the heater 226 may be 50 mm~150
mm. More preferably, the height of the heater 226 may be 60
mm-~140 mm. More preferably, the height of the heater 226
may be 70 mm~130 mm. More preferably, the height of the
heater 226 may be 80 mm~120 mm. More preferably, the
height of the heater 226 may be 90 mm~110 mm. More
preferably, the height of the heater 226 may be 100 mm~110
mm.

FIG. 3 1s a schematic diagram 1llustrating a top view of a
cross-section of an exemplary temperature field device
according to some embodiments of the present disclosure.
As shown 1n FIG. 3, a periphery of the temperature field
device 300 may be the first drum 204. The space between the

second drum 206 and the first drum 204 may be filled with
the filler 208. The crucible 214 may be placed 1n the second
drum 206 and supported by the filler 208 which may be filled
at the bottom of the second drum 206. The heater 226 may
be mounted above the crucible 214. It can be seen that, from
outside to inside, components of the temperature field device
300 may successively include the first drum 204, the filler
208, the second drum 206, the crucible 214, and the heater
226. The above-mentioned components may form a concen-
tric circle and a concentricity may be less than 1 mm.
Preferably, the concentricity may be less than 0.9 mm. More
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preferably, the concentricity may be less than 0.8 mm. More
preferably, the concentricity may be less than 0.7 mm. More
preferably, the concentricity may be less than 0.6 mm. More
preferably, the concentricity may be less than 0.5 mm. More
preferably, the concentricity may be less than 0.4 mm. More
preferably, the concentricity may be less than 0.3 mm. More
preferably, the concentricity may be less than 0.2 mm. More
preferably, the concentricity may be less than 0.1 mm. The
formed concentric circle may be beneficial for growing the
crystal, observing the crystal growth, introducing tlowing
gas, and pulling up the crystal.

In some embodiments, the crucible 214 may be used as a
heater to melt the reactants contained therein to facilitate
subsequent crystal growth. An induction coil (e.g., the
induction coil 216 1illustrated 1n FIG. 2) surrounding the
outer wall of the first drum 204 may generate an alternating
magnetic field when an alternating current with a certain
frequency 1s passed. A closed induced current (i.e., an eddy
current) may be generated 1n a conductor (e.g., crucible 214)
caused by the electromagnetic induction of the alternating
magnetic field. The mduced current may be unevenly dis-
tributed on a cross section of the conductor and the electrical
energy of a high-density current on a surface of the con-
ductor may be converted into heat energy to increase the
temperature of the conductor to melt the reactants. The
induction coil 216 may include a coil with 5 turns~14 turns.
Preferably, the induction coil 216 may include a coil with 6
turns~13 turns. More preterably, the induction coil 216 may
include a coil with 7 turns~12 turns. More preferably, the
induction coil 216 may include a coil with 8 turns~11 turns.
More preferably, the induction coil 216 may include a coil
with 9 turns~10 turns. An induction frequency may be 2
kHz~15 kHz. More preferably, the induction frequency may
be 3 kHz~14 kHz. More preferably, the induction frequency
may be 4 kHz~13 kHz. More preferably, the induction
frequency may be 5 kHz~12 kHz. More preferably, the
induction frequency may be 6 kHz~11 kHz. More prefer-
ably, the induction frequency may be 7 kHz~10 kHz. More
preferably, the mduction frequency may be 8 kHz~9 kHz.
An 1nduction rated power of the imnduction coil 216 may be
20 kW~60 kW. Preferably, the induction rated power of the
induction coil 216 may be 20 kW~50 kW. More preferably,
the induction rated power of the imnduction coil 216 may be
35 kW~45 kW. More preterably, the induction rated power
of the induction coil 216 may be 36 kW~44 kW. More
preferably, the induction rated power of the induction coil
216 may be 37 kW~43 kW. More preferably, the induction
rated power of the induction coi1l 216 may be 38 kW~42 kW.
More preferably, the induction rated power of the induction
coil 216 may be 39 kW~41 kW. An inner diameter of a
cylinder enclosed by the induction coil 216 may be 180
mm~430 mm. Preferably, the inner diameter of the cylinder
enclosed by the induction coil 216 may be 200 mm~410
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 220 mm~390
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 240 mm~370
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 260 mm~350
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 280 mm~330
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 220 mm~390
mm. More preferably, the mner diameter of the cylinder
enclosed by the induction coil 216 may be 300 mm~310
mm. A height of the cylinder enclosed by the induction coil
216 may be 150 mm~350 mm. Preferably, the height of the
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cylinder enclosed by the induction coil 216 may be 170
mm~330 mm. More pretferably, the height of the cylinder
enclosed by the induction coil 216 may be 190 mm~310
mm. More preferably, the height of the cylinder enclosed by
the induction coil 216 may be 210 mm~290 mm. More
preferably, the height of the cylinder enclosed by the induc-
tion coil 216 may be 230 mm~270 mm. More preferably, the
height of the cylinder enclosed by the induction coil 216
may be 250 mm~260 mm. In some embodiments, a filling
height of the filler 208 may result 1n that a vertical distance
between an upper edge of the crucible 214 and an upper edge
of the induction coil 216 1s 0 mm~+25 mm, wherein “-"
represents that the upper edge of the crucible 214 1s lower
than the upper edge of the induction coil, and “+” represents
that the upper edge of the crucible 214 1s higher than the
upper edge of the induction coil 216. Preferably, the vertical
distance between the upper edge of the crucible 214 and the
upper edge of the induction coil 216 may be +2 mm~+23
mm. More preferably, the vertical distance between the
upper edge of the crucible 214 and the upper edge of the
induction coil 216 may be +4 mm~+21 mm. More prefer-
ably, the vertical distance between the upper edge of the
crucible 214 and the upper edge of the induction coil 216
may be +6 mm~+19 mm. More preferably, the vertical
distance between the upper edge of the crucible 214 and the
upper edge of the induction coi1l 216 may be +4 mm~+17
mm. More preferably, the vertical distance between the
upper edge of the crucible 214 and the upper edge of the
induction coil 216 may be +6 mm~+15 mm. More prefer-
ably, the vertical distance between the upper edge of the
crucible 214 and the upper edge of the induction coil 216
may be +8 mm~+13 mm. More preferably, the vertical
distance between the upper edge of the crucible 214 and the
upper edge of the induction coil 216 may be +10 mm~+11
mm. The temperature gradient of the temperature field
device 300 can be adjusted by changing a relative position
between the crucible 214 and the induction coil 216. For
example, when the crucible 214 1s totally within the coil
range of the induction coil 216, the heat generated by the
crucible 214 may be relatively large; whereas, when only a
portion ol the crucible 214 1s in the coil range of the
induction coil 216, the heat generated by the crucible 214
may be relatively small, accordingly, the heat position
and/or a space size of heat dissipation 1n temperature field
device 300 may be determined, and the temperature field
device 300 may be further affected.

The first cover plate 210 may be mounted on a top of the
temperature field device 300, and may be used to seal the
temperature field device 300 together with other components
(e.g., the first drum 204). The first cover plate 210 may cover
the other open end of the first drum 204. The first cover plate
210 may be connected to the first drum 204 via a welding
connection, a riveting connection, a bolting connection, a
bonding connection, or the like, or any combination thereof.
For example, a silicone sealing ring may be mounted at the
joint between the first cover plate 210 and the first drum 204,
and a screw may be used to screw and seal them. In some
embodiments, the material of the first cover plate 210 may
be similar to that of the bottom plate 202. The first cover
plate 210 may be made of a material with a relatively high
reflection coethlicient, for example, gold, silver, nickel, alu-
minum foil, copper, molybdenum, coated metal, stainless
steel, or the like, or any combination thereof. Preferably, the
second cover plate 212 may include a copper plate. A
concentricity of the first cover plate 210 and the first drum
204 may be less than 0.5 mm. Preferably, the concentricity
of the first cover plate 210 and the first drum 204 may be less
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than 0.4 mm. More preferably, the concentricity of the first
cover plate 210 and the first drum 204 may be less than 0.3
mm. More preferably, the concentricity of the first cover
plate 210 and the first drum 204 may be less than 0.2 mm.
More preferably, the concentricity of the first cover plate 210
and the first drum 204 may be less than 0.1 mm. In some
embodiments, a diameter of the first cover plate 210 may be
200 mm~500 mm. More preferably, the diameter of the first
cover plate 210 may be 250 mm~450 mm. More preferably,
the diameter of the first cover plate 210 may be 300 mm~400
mm. More preferably, the diameter of the first cover plate
210 may be 310 mm~390 mm. More preferably, the diam-
cter of the first cover plate 210 may be 320 mm~380 mm.
More preferably, the diameter of the first cover plate 210
may be 430 mm~370 mm. More preferably, the diameter of
the first cover plate 210 may be 440 mm~360 mm. In some
embodiments, a thickness of the first cover plate 210 may be
10 mm~40 mm. Preferably, the thickness of the first cover
plate 210 may be 15 mm~35 mm. Preferably, the thickness
of the first cover plate 210 may be 20 mm~30 mm. More
preferably, the thickness of the first cover plate 210 may be
21 mm~29 mm. More preferably, the thickness of the first
cover plate 210 may be 22 mm~28 mm. More preferably, the
thickness of the first cover plate 210 may be 23 mm~27 mm.
More preferably, the thickness of the first cover plate 210
may be 24 mm~26 mm. In some embodiments, the first
cover plate 210 may 1nclude at least two first through holes.
The first through-hole may be used to pass a gas. For
example, the first through-hole may constitute a channel for
the gas to enter and/or exit the temperature field device 300.
The gas may be introduced into the temperature field device
300 through one or more of the first through holes and the
gas may be discharged from the remaining first through
holes. In some embodiments, the gas may include 1nert gas.
The nert gas may include nitrogen, helium, neon, argon,
krypton, xenon, radon, etc. In some embodiments, the gas
may include a mixed gas of oxygen and/or carbon monoxide
and one or more of nitrogen and inert gas. According to the
characteristics and size of the crystal to be grown, a tlow rate
of the flowing gas introduced into the temperature field
device 300 may be 0.01 L/min~50 L/min. Preferably, the
flow rate of the introduced following gas may be 0.1
L/min~350 L/min. More preferably, the flow rate of the
introduced following gas may be 1 L/min~50 L/min. More
preferably, the flow rate of the introduced following gas may
be 5 L/min~45 L/min. More preferably, the flow rate of the
introduced following gas may be 10 L/min~40 L/min. More
preferably, the flow rate of the introduced following gas may
be 15 L/min~35 L/min. More preferably, the tlow rate of the
introduced gas may be 20 L/min~30 L/min. More prefer-
ably, the tlow rate of the introduced following gas may be 21
L/min~29 L/min. More preferably, the flow rate of the
introduced following gas may be 22 L/min~28 L/min. More
preferably, the flow rate of the introduced following gas may
be 23 L/min~27 L/min. More preferably, the flow rate of the
introduced following gas may be 24 L/min~26 L/min.

In some embodiments, other components may be
mounted on the first cover plate 210. FIG. 4 1s a schematic
diagram 1illustrating a top view of an exemplary first cover
plate according to some embodiments of the present disclo-
sure. As shown i FIG. 4, the first cover plate 210 may
include two first through holes 410-1 and 410-2 through
which a gas may enter and/or exit the temperature field
device 200. In some embodiments, diameters of the first
through holes 410-1 and 410-2 may be 15 mm~30 mm.
Preferably, the diameters of the first through holes 410-1 and
410-2 may be 18 mm~27 mm. More preferably, the diam-
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cters of the first through holes 410-1 and 410-2 may be 20
mm~25 mm. More preferably, the diameters of the first
through holes 410-1 and 410-2 may be 21 mm~24 mm.
More preferably, the diameters of the first through holes
410-1 and 410-2 may be 22 mm~23 mm. In some embodi-
ments, rotation central axes of the first through holes 410-1
and 410-2 may be perpendicular to the horizontal plane. In
some embodiments, the rotation central axes of the first
through holes 410-1 and 410-2 may be at an angle of 3
degrees~20 degrees with a vertical line of the horizontal
plane. Preferably, the rotation central axes of the first
through holes 410-1 and 410-2 may be at an angle of 5
degrees~18 degrees with the vertical line of the horizontal
plane. More preferably, the rotation central axes of the first
through holes 410-1 and 410-2 may be at an angle of 7
degrees~15 degrees with the vertical line of the horizontal
plane. More preferably, the central axes of rotation of the
first through holes 410-1 and 410-2 may be at an angle o1 9
degrees~13 degrees with the vertical line of the horizontal
plane. More preferably, the rotation central axes of the first
through holes 410-1 and 410-2 may be at an angle of 11
degrees~12 degrees with the vertical line of the horizontal
plane. A distance between the centers of the two through
holes may be 70 mm~1350 mm. Preferably, the distance
between the centers of the two through holes may be 80
mm~140 mm. More preferably, the distance between the
centers of the two through holes may be 90 mm~130 mm.
More preferably, the distance between the centers of the two
through holes may be 100 mm~120 mm. More preferably,
the distance between the centers of the two through holes
may be 105 mm~115 mm. More preferably, the distance
between the centers of the two through holes may be 107
mm~113 mm. More preferably, the distance between the
centers of the two through holes may be 109 mm~111 mm.

In some embodiments, an observation unit 218 may be
mounted above the first through holes 410-1 and 410-2.
Since a crystal growth period 1s relatively long (e.g., four
days~40 days), a unit through which the internal situation of
the temperature field device 200 can be observed may be
mounted on the temperature field device 200. A user (e.g., a
worker 1n a factory) can observe the growth of the crystal
through the observation unit 218. If an abnormal situation 1s
found, a timely remedial action can be executed. FIG. 5 1s
a schematic diagram illustrating an exemplary observation
unit according to some embodiments of the present disclo-
sure. The observation unit 218 may include a tubular unit
with a closed end and an open end. The observation unit 218
may include a first part 510. A size of the first part 510 may
be matched with the first through hole 410-1/410-2 of the
first cover plate 210, thereby realizing a connection between
the observation unit 218 and the first cover plate 210, for
example, via a riveting connection, a screw connection, etc.
According to the diameter of the first through hole 410-1/
410-2, a diameter of the first part 510 may be 15 mm~30
mm. Preferably, the diameter of the first part 510 may be 18
mm-~27 mm. More preferably, the diameter of the first part
510 may be 20 mm~25 mm. More preferably, the diameter
of the first part 510 may be 21 mm~24 mm. More preferably,
the diameter of the first part 5310 may be 22 mm~23 mm. The
observation unit 218 may further include a second through
hole 520. The second through hole 520 may be mounted at
any position of a second part 530 of the observation unit 218,
and communicate with an internal chamber of the observa-
tion umt 218. After that the observation unit 218 i1s con-
nected to the first through hole 410-1/410-2, the second
through hole 520 may be used to get gas passing through. In
some embodiments, a diameter of the second through hole
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520 may be 3 mm~10 mm. Preferably, the diameter of the
second through hole 520 may be 4 mm~9 mm. More
preferably, the diameter of the second through hole 520 may
be 5 mm~8 mm. More preferably, the diameter of the second
through hole 520 may be 6 mm~7 mm. The second part 530
may 1include a part of the observation unit 218 that 1s
protruded outside the first cover plate 210 after that the
observation unit 218 1s connected to the first through hole
410-1/410-2, and 1ts height may be 50 mm~100 mm. Pret-
erably, the height of the second part 530 may be 60 mm~90
mm. More preferably, the height of the second part 530 may
be 70 mm~80 mm. More preferably, the height of the second
part 330 may be 71 mm~79 mm. More preferably, the height
of the second part 530 may be 72 mm~78 mm. More
preferably, the height of the second part 530 may be 73
mm-~77 mm. More preferably, the height of the second part
530 may be 74 mm~76 mm. In some embodiments, a
diameter of the second part 530 may be 26 mm~66 mm.
Preferably, the diameter of the second part 530 may be 30
mm~60 mm. More preferably, the diameter of the second
part 530 may be 35 mm~55 mm. More preferably, the
diameter of the second part 530 may be 40 mm~50 mm.
More preferably, the diameter of the second part 530 may be
41 mm~49 mm. More preferably, the diameter of the second
part 530 may be 42 mm~48 mm. More preferably, the
diameter of the second part 530 may be 43 mm~47 mm.
More preferably, the diameter of the second part 530 may be
44 mm~46 mm. The observation unit 218 may also include
an observation window 540. The observation window 540
may be mounted on a top of the observation unit 218, and
may be made ol a transparent material, such as quartz,
polymethyl methacrylate (PMMA), polystyrene (PS), poly-
carbonate (PC), or the like, or any combination thereof. The
user (e.g., the worker 1n the factory) may observe an internal
situation of the temperature field device 200 through the
observation window 540.

Similarly, 1n order to reduce heat radiation emitted above
the temperature field device 200, the first cover plate 210
may be provided with channel(s) for circulation cooling
fluid. As shown in FIG. 4, the first cover plate 210 may
include a channel 420 for circulation cooling fluid. A cooling
liquid may flow through the channel 420. The cooling liquid
may include water, ethanol, ethylene glycol, 1sopropyl alco-
hol, n-hexane, or the like, or any combination thereotf. For
example, the cooling liqmd may include a 350:350 mixed
liquid of water and ethanol. Through cooling liquid inlets
430-1 and/or 430-2, the cooling liquid may flow into the
circulating cooling liquid channels 440-1, 440-2, and 440-3,
which may be mounted in the first cover plate 210. After
absorbing heat dissipated from the temperature field device
200, the cooling liquid may flow out from the cooling liquid
outlet 430-3. The cooling liquid may be returned to the
cooling liquid channel 420 through other channels, and a
next cycle may be performed. In some embodiments, the
diameter of the circulating cooling liquid channels 440-1,
440-2, and 440-3 may be 5 mm~25 mm. Preferably, the
diameter of the circulating cooling liquid channels 440-1,
440-2, and 440-3 may be 10 mm~20 mm. More preferably,
the diameter of the circulating cooling liquid channels
440-1, 440-2, and 440-3 may be 11 mm~19 mm. More
preferably, the diameter of the circulating cooling liquid
channels 440-1, 440-2, and 440-3 may be 12 mm~18 mm.
More preferably, the diameter of the circulating cooling
liquid channels 440-1, 440-2, and 440-3 may be 13 mm~17
mm. More preferably, the diameter of the circulating cooling,
liquid channels 440-1, 440-2, 440-3 may be 14 mm and 15
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In some embodiments, the first cover plate 210 may
turther include a third through hole 450. For example, when
the crystal growth 1s executed based on the Czochralski
technique, a channel (e.g., the third through hole 450) for
entrance and/or exit of the pulling rod 200 into and/or from
the temperature field device 200 may be mounted on the first
cover plate 210. The pulling rod may include an iridium
pulling rod. The third through hole 450 may be mounted at
a center of the first cover plate 210. A size of the third
through hole 450 may be determined based on a size of the
pulling rod. In some embodiments, a shape of the third
through hole 450 may be various. The shape of the third
through hole 450 may include regular, square, rectangle,
rhombus, regular triangle, or any other irregular shape. In
some embodiments, an area of the third through hole 450
may be 100 mm*~3000 mm~. Preferably, the area of the
third through hole 450 may be 200 mm~~2900 mm~. More
preferably, the area of the third through hole 450 may be 300
mm->~2800 mm?. More preferably, the area of the third
through hole 450 may be 400 mm°~2700 mm>. More
preferably, the area of the third through hole 450 may be 500
mm~>~2600 mm~. More preferably, the area of the third
through hole 450 may be 600 mm*~2500 mm*. More
preferably, the area of the third through hole 450 may be 700
mm~>~2400 mm>. More preferably, the area of the third
through hole 450 may be 800 mm*~2300 mm*. More
preferably, the area of the third through hole 450 may be 900
mm->~2200 mm?. More preferably, the area of the third
through hole 450 may be 1000 mm~~2100 mm~. More
preferably, the area of the third through hole 450 may be
1100 mm>~2000 mm~. More preferably, the area of the third
through hole 450 may be 1200 mm~~1900 mm”. More
preferably, the area of the third through hole 450 may be
1300 mm>~1800 mm~. More preferably, the area of the third
through hole 450 may be 1400 mm*~1700 mm*. More
preferably, the area of the third through hole 450 may be
1500 mm>~1600 mm>. When the third through hole 450 is
a circular through hole, its diameter may be 25 mm~30 mm.
Preferably, the diameter of the circular through hole may be
26 mm~29 mm. More preferably, the diameter of the circular
through hole may be 27 mm~28 mm.

The second cover plate 212 may be mounted 1n the first
drum 204, cover the open end of the second drum 206 near
the first cover plate 210, and may be connected to the second
drum 206 via a welding connection, a riveting connection, a
bolting connection, a bonding connection, or the like, or any
combination thereof. In some embodiments, the second
cover plate 212 may be made of a material with a relatively
good heat preservation performance to perform the heat
preservation function. The second cover plate 212 may
include alumina plate, a zirconia plate, a ceramic plate, a
metal plate, etc. In some embodiments, a diameter of the
second cover plate 212 may be determined based on the
inner diameter of the first drum 204. The second cover plate
212 may {it the inner wall of the first drum 204. The second
cover plate 212 may cover one end of the second drum 206,
thereby preventing the filler 208 filled 1n the space between
the first drum 204 and the second drum 206 from falling out
and polluting the reactants in the crucible 214. In order to
observe the internal situation of the temperature field device
200 from outside in existence of the second cover plate 212,
through holes (also referred to as fourth through holes)
corresponding to the through holes (e.g., the first through
hole 410-1/410-2, the third through hole 450) on the first
cover plate 210 may be mounted on the second cover plate
212. Rotation central axes of the fourth through holes may
be the same as or similar to that of the first and/or the third
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through holes. That 1s, the fourth through holes may be
mounted on the second cover plate 212 along the rotation
central axes of the first and/or third through holes. In some
embodiments, diameters of the fourth through holes corre-
sponding to the first through hole 410-1/410-2 may be 8
mm-~15 mm. Preferably, the diameters of the fourth through
holes corresponding to the first through hole 410-1/410-2
may be 9 mm~14 mm. More preferably, the diameters of the
tourth through holes corresponding to the first through hole
410-1/410-2 may be 10 mm~13 mm. More preferably, the
diameters of the fourth through holes corresponding to the
first through hole 410-1/410-2 may be 11 mm~12 mm. The
rotation center axes of the fourth through holes correspond-
ing to the first through hole 410-1/410-2 may be at an angle
of 3 degrees~20 degrees with a vertical line of the horizontal
plane. Preferably, the rotation center axes of the fourth
through holes corresponding to the first through hole 410-
1/410-2 may be at an angle of 5 degrees~18 degrees with the
vertical line of the horizontal plane. More preferably, the
rotation center axes of the fourth through holes correspond-
ing to the first through hole 410-1/410-2 may be at an angle
of 7 degrees~15 degrees with the vertical line of the hori-
zontal plane. More preferably, the rotation center axes of the
tourth through holes corresponding to the first through hole
410-1/410-2 may be at an angle of 9 degrees~13 degrees
with the vertical line of the horizontal plane. More pretfer-
ably, the rotation center axes of the fourth through holes
corresponding to the first through hole 410-1/410-2 may be
at an angle of 11 degrees~12 degrees with the vertical line
of the horizontal plane. A distance between centers of the
fourth through-holes corresponding to the first through-
holes 410-1/410-2 may be 50 mm~140 mm. Preferably, the
distance between the centers of the fourth through-holes
corresponding to the first through-holes 410-1/410-2 may be
60 mm 130 mm. More preferably, the distance between the
centers of the fourth through-holes corresponding to the first
through-holes 410-1/410-2 may be 70 mm~120 mm. More
preferably, the distance between the centers of the fourth
through-holes corresponding to the first through-holes 410-
1/410-2 may be 80 mm~110 mm. More preferably, the
distance between the centers of the fourth through-holes
corresponding to the first through-holes 410-1/410-2 may be
90 mm~100 mm. More preferably, the distance between the
centers of the fourth through-holes corresponding to the first
through-holes 410-1/410-2 may be 91 mm~99 mm. More
preferably, the distance between the centers of the fourth
through-holes corresponding to the first through-holes 410-
1/410-2 may be 92 mm-~98 mm. More preferably, the
distance between the centers of the fourth through-holes
corresponding to the first through-holes 410-1/410-2 may be
93 mm~97 mm. More preferably, the distance between the
centers of the fourth through-holes corresponding to the first
through-holes 410-1/410-2 may be 94 mm~96 mm. In some
embodiments, a diameter of a fourth through-hole corre-
sponding to the third through-hole may be 10 mm~1350 mm.
Preferably, the diameter of the fourth through-hole corre-
sponding to the third through-hole may be 20 mm~140 mm.
More preferably, the diameter of the fourth through-hole
corresponding to the third through-hole may be 30 mm~130
mm. More preferably, the diameter of the fourth through-
hole corresponding to the third through-hole may be 40
mm-~120 mm. More preferably, the diameter of the fourth
through-hole corresponding to the third through-hole may be
50 mm~110 mm. More preferably, the diameter of the fourth
through-hole corresponding to the third through-hole may be
60 mm~100 mm. More preferably, the diameter of the fourth
through-hole corresponding to the third through-hole may be
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70 mm~90 mm. More pretferably, the diameter of the fourth
through-hole corresponding to the third through-hole may be
75 mm~85 mm. The diameter of the fourth through hole
corresponding to the third through hole may afifect the
amount of heat dissipated from 1t, thereby aflecting the
temperature gradient of the temperature field device 200. In
this case, the temperature gradient of the temperature field
device 200 may be adjusted by changing the diameter of the
tourth through hole corresponding to the third through hole.
In some embodiments, an automatic feeder may be mounted
above the fourth through hole corresponding to the first
through hole 410-1/410-2, which can automatically add the
reactants to the crucible 214. In this case, a concentration
gradient caused by the reactants during the crystal growth
may be constant, thereby improving the uniformity and
consistency of the crystal growth.

In some embodiments, a thickness of the second cover
plate 212 may be 20 mm~35 mm. Preferably, the thickness
of the second cover plate 212 may be 25 mm~30 mm. More
preferably, the thickness of the second cover plate 212 may
be 26 mm~29 mm. More preferably, the thickness of the
second cover plate 212 may be 27 mm~28 mm. In some
embodiments, a position of the second cover plate 212 1n the
temperature field device 200 may be determined based on
the length and/or the position of the second drum 206. When
the length of the second drum 206 1s greater than a length
threshold, the second cover plate 212 may be close to the
first cover plate 210. A certain distance may be maintained
between the second cover plate 212 and the first cover plate
210.

The sealing ring 220 and/or the pressure ring 222 may
achieve a seal between the first drum 204 and the first cover
plate 210. In some embodiments, the sealing ring 220 may
be mounted at a joint between the first drum 204 and the first
cover plate 210, which may made of a material having a
certain elasticity, for example, silicone, rubber, etc. An inner
diameter of the sealing ring 220 may be less than or equal
to the outer diameter of the first drum 204, so that when the
sealing ring 220 1s mounted, the sealing ring 220 may be
stretched to seal eflectively a gap between the first drum 204
and the first cover plate 210. In some embodiments, the inner
diameter of the sealing ring 220 may be 170 mm~540 mm.
Preferably, the inner diameter of the sealing ring 220 may be
200 mm~3510 mm. More preferably, the inner diameter of the
sealing ring 220 may be 250 mm~350 mm. More preferably,
the iner diameter of the sealing ring 220 may be 260
mm~340 mm. More preferably, the inner diameter of the
sealing ring 220 may be 270 mm~330 mm. More preferably,
the iner diameter of the sealing ring 220 may be 280
mm~320 mm. More preferably, the inner diameter of the
sealing ring 220 may be 290 mm~310 mm. A thickness of
the sealing ring 220 may be 5 mm~10 mm. Preferably, the
wire diameter of the sealing ring 220 may be 6 mm~9 mm.
More preferably, the wire diameter of the sealing ring 220
may be 7 mm~8 mm.

The pressure ring 222 may be configured to perform a
fixing and compressing function for the sealing ring 220. In
some embodiments, a shape of the pressure ring 222 may
match the shape of the first drum 204, and an inner diameter
of the pressure ring 222 may be larger than the outer
diameter of the first drum 204. The pressure ring 222 may be
nested on the first drum 204 and may be movable. The
pressure ring 222 may include a threaded hole correspond-
ing to the first cover plate 210. The sealing ring 220 may be
mounted between the pressure ring 222 and the first cover
plate 210. The pressure ring 222 may be connected to the
first cover plate 210 via a thread, thereby compressing the
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sealing ring 220, enlarging a contact surface of the gap
between the first drum 204 and the first cover plate 210,
causing the contact tightly, and performing an eflective
sealing function. In some embodiments, one or more 1tems
may be used to perform the sealing function, for example,
vacuum grease. The sealing ring 220 may be covered with
the vacuum grease to perform more eflective sealing func-
tion. In some embodiments, the pressure ring 222 and the
first cover plate 210 may also be connected via a buckle
connection. In some embodiments, an outer diameter of the
pressure ring 222 may be 200 mm~500 mm. Preferably, the
outer diameter of the pressing ring 222 may be 250 mm~450
mm. More preferably, the outer diameter of the pressing ring,
222 may be 300 mm~400 mm. More preferably, the outer
diameter of the pressing ring 222 may be 310 mm~390 mm.
More preferably, the outer diameter of the pressure ring 222
may be 320 mm~380 mm. More preferably, the outer
diameter of the pressing ring 222 may be 430 mm~370 mm.
More preferably, the outer diameter of the pressing ring 222
may be 440 mm~360 mm. More preferably, the outer
diameter of the pressing ring 222 may be 345 mm~355 mm.
An mner diameter of the pressure ring 222 may be 190
mm~460 mm. Preferably, the mner diameter of the pressing
ring 222 may be 220 mm~330 mm. More preferably, the
inner diameter of the pressing ring 222 may be 250 mm~400
mm. More preferably, the inner diameter of the pressure ring,
222 may be 280 mm~520 mm. More preferably, the inner
diameter of the pressing ring 222 may be 300 mm~400 mm.
More preferably, the inner diameter of the pressing ring 222
may be 310 mm~390 mm. More preferably, the inner
diameter of the pressing ring 222 may be 320 mm~380 mm.
More pretferably, the inner diameter of the pressure ring 222
may be 430 mm~370 mm. More preferably, the inner
diameter of the pressure ring 222 may be 440 mm~360 mm.
More pretferably, the mnner diameter of the pressure ring 222
may be 345 mm~355 mm. A thickness of the pressing ring,
222 may be 8 mm~135 mm. More preferably, the thickness of
the pressing ring 222 may be 10 mm~13 mm. More pret-
erably, the thickness of the pressing ring 222 may be 11
mm-~12 mm.

In some embodiments, the temperature field device 200
may further include a gas channel 224. The gas channel 224
may be mounted on the observation unit 218, and a size of
the gas channel 224 may match with that of the through hole
520 to form a through tube protruding from the observation
unit 218. In this case, the gas channel 224 may be connected
to a vent tube to pass the gas into the temperature field
device 200.

In some embodiments, the temperature field device 200
may be applied 1n crystal growth. The reactants for growing,
crystals may be placed in the crucible 214 for reaction after
being weighed and performed a processing operation (e.g.,
a high temperature roasting operation, a room temperature
mixing operation, an isostatic pressing operation) according,
to a reaction equation for preparing the crystal. Diflerent
crystal may need different growth conditions, for example,
different temperature gradients. Accordingly, the tempera-

ture gradient may be adjusted by adjusting an amount and a
tightness of the filler 208 (e.g., the filler 208 filled in the

second drum 206) filled 1n the temperature field device 200.
For example, the amount of the filler 208 may determine a
relative position of the crucible 214 and the induction coil
216, and further determine a heating center of the tempera-
ture field device 200. The tightness of the filler 208 may
improve the heat preservation capacity of the filler 208 and
the stability of the temperature field device 200, which may
be beneficial for the crystal growth. After the amount, the
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particle size, and the tightness of the filler 208 are deter-
mined, other components may be mounted and sealed. After
the components are mounted, a gas may be mtroduced 1nto
the temperature field device 200, and an auxiliary compo-
nent (e.g., a cooling circulation pump) may be activated to
pass a cooling flmd mto circulating cooling lLiquid
channel(s), which may be mounted in the bottom plate 202
and the first cover plate 210. Then, the crystal growth device
(including the temperature field device 200) may be acti-
vated to start the crystal growth. The gas passing into
temperature field device 200 may enter from one or more
first through holes (e.g., the gas channels 224). The gas
exiting the temperature field device 200 may be discharged
through the remaining first through holes (e.g., the gas
channel 224). After the temperature 1s adjusted as suitable,
an automatic control program may be started to enter an
automatic growth mode, through a necking process, a shoul-
dering process, a constant diameter growth process, an
ending process, and a cooling process, the crystal growth
may be ended after several days (e.g., four days~40 days).

FIG. 6 1s a schematic diagram illustrating an exemplary
image of a grown crystal according to some embodiments of
the present disclosure. As shown in FIG. 6, a length of the
grown rod-like crystal with a constant diameter 1s 150 mm
and a diameter of the grown crystal 1s 93 mm. The crystal
has a complete appearance, no cracks, no clouds, no mis-
alignment, and no structural defects. A decay time of an
LYSO grown according to the method disclosed 1n the
present disclosure 1s 22 ns~30 ns, which may be less than 35
ns~42 ns of a crystal grown according to a conventional
method.

According to the devices and the methods for crystal
growth, a new single crystal furnace and a temperature
gradient device are adopted, and a process, a ration of
reactants, and growth parameters are adjusted and opti-
mized, accordingly, a crystal with a short decay time, a high
luminous intensity, and a high luminous efliciency can be
grown without a co-doping operation. In addition, excess
reactants (e.g., silicon dioxide) are used and a following gas
1s 1ntroduced according to the method, which can reduce or
avold composition deviation caused by volatility of the
reactants during the growth process and improve the crystal
performance consistency and growth repeatability. Further,
an 1mproved temperature field device can provide a tem-
perature field with good temperature gradient and good
umiformity for the growth of crystal, which may reduce
crack of the crystal. By optimizing the parameters of the
crystal growth process, the crystal performance consistency
1s 1improved. It should be noted that different embodiments
may have different beneficial effects. In different embodi-
ments, the possible beneficial effects may have one or more
above described beneficial effects, or any other beneficial
ellect.

EXAMPL

L1

The present disclosure may be further described accord-
ing to the following embodiments.

Example 1—The Installation of the Temperature
Field Device 200

In step 1, the bottom plate 202 may be mounted on an
aluminum plate of a crystal growth device. A level of the
bottom plate 202 may be adjusted to 0.02 mm/m.

In step 2, the second drum 206 may be mounted on the
bottom plate 202, and a concentricity and a verticality
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between the second drum 206 and bottom plate 202 may be
adjusted. The concentricity between the second drum 206

and the bottom plate 202 may be less than 0.5 mm and the
perpendicularity between the second drum 206 and the
bottom plate 202 may be less than 0.2 degrees.

In step 3, the first drum 204 may be mounted on the
bottom plate 202, and a concentricity and a verticality
between the first drum 204 and bottom plate 202 may be
adjusted. The concentricity between the first drum 204 and
the bottom plate 202 may be less than 0.5 mm and the
perpendicularity between the first drum 204 and the bottom
plate 202 may be less than 0.2 degrees. A high-temperature
adhesive may be used to seal a joint between the first drum
204 and the bottom plate 202, thereby ensuring a positive
pressure and avoiding gas leakage.

In step 4, the filler 208 may be filled 1n the space between
the first drum 204 and the second drum 206, and filled 1n the
bottom of the second drum 206. An amount and a tightness
of the filler 208 may be determined according to a growth
condition of the crystal.

In step 3, the crucible 214 may be placed on the filler 208
filled 1n the bottom of the second drum 206. A vertical
distance between an upper edge of the crucible 214 and an
upper edge of the induction coil 216 may be O mm~25 mm.
“~” represents that the upper edge of crucible 214 1s below
the upper edge of induction coil 216, “0” represents that the
upper edge of crucible 214 1s flush with the upper edge of
induction coil 216, “+” represents that the upper edge of the
crucible 214 1s higher than the upper edge of the induction
coil 216. The vertical distance between the upper edge of the
crucible 214 and the upper edge of the induction coil 216
may be determined according to the growth condition of the
crystal to be grown.

In step 6, the heater 226 may be mounted above the
crucible 214.

In step 7, the second cover plate 212 may be mounted
above the second drum 206, and a concentricity among the
second cover plate 212, the first drum 204, and the second
drum 206 may be adjusted.

In step 8, the pressure ring 222 and the sealing ring 220
coated with vacuum grease may be mounted.

In step 9, the first cover plate 210 may be mounted above
the first drum 204, and a concentricity between the first
cover plate 210 and the first drum 204 may be adjusted to
ensure that the first through hole(s) (e.g., the first through
hole 410-1/410-2) on the first cover plate 210 may have the
same axis(es) with the fourth through-hole(s) corresponding
to the second cover plate 212. The pressure ring 222 and the
first cover plate 210 may be connected via a thread connec-
tion and the sealing ring 220 may be pressed to achieve the
sealing function, ensure a positive pressure, and avoid gas
leakage.

In step 10, the observation umt 218 may be mounted on
the first cover plate 210 and a vent pipe may be connected

to the gas channel 224. Then the temperature field device
200 would be 1nstalled.

Example 2—Ce:LSO Crystal Growth

The crystal may be prepared using the Czochralsk: tech-
nique via a medium frequency induction heating mode and
a single crystal growth induction furnace with an open
furnace. A temperature field device may be mounted accord-
ing to the steps 1-5 described 1n Example 1. Reactants with
purity ol 99.999% may be taken out after a roasting process
1s performed on the reactants at 1000° C. for 5 hours and the
reactants are naturally cooled to room temperature 35° C.
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The reactants may be weighted based on a molar ratio of the
reactants according to the Equation below:

(1-x=y)Luy,O3+810,+2xCeO5+yCe, O3—=Luy (g
Ceo(r15)3105+x/20, 1

where x=0.15%, y=0.3%, and a weight of S10, may excess
of 0.2% of 1ts weight. After being weighted, the reactants
may be placed in a three-dimensional mixer for 0.5
hours~48 hours, and then taken out and placed 1n a pressing
mold and pressed 1nto a cylindrical shape by a cold 1sostatic
pressing device with a pressure of 100 MPa~300 MPa. The
reactants may be placed 1n an indium crucible with a
diameter of 120 mm and a height of 120 mm. The ridium
crucible may be placed 1in the mounted temperature field
device. A concentricity between the 1ridium crucible and the
temperature field device may be adjusted and a crucible
position of the iridium crucible may be set as +20 mm. A
concentricity among the indium crucible 214, the heater
226, the second cover plate 212, the first cover plate 210, and
the weighing guide rod may be successively adjusted. The
seal of the first cover plate 210 and the first drum 204 may
be ensured. After the observation unit 218 1s mounted on the
first cover plate 210, a flowing gas of N, may be itroduced
into the temperature field device with a gas tflow rate of 30
[L/min and a circulating cooling liquid may be introduced
into the temperature field device. Parameters of the crystal
growth may be set. For example, a diameter of the crystal
may be set as 60 mm, a shoulder length may be set as 60
mm, an constant diameter may be set as 200 mm, an ending
length may be set as 30 mm, a heating time may be set as
24 hours, a rotation rate may be set as 10 rpm, a pulling rate
may be set as 2 mm/h, a cooling time may be set as 60 hours,
a PID value may be set as 0.5, a crystal density may be set
as 7.4 g/cm’, and a melt density may be set as 6.3 g/cm”.
After the parameters are set, a seed crystal of Ce:LSO may
be placed on a top of a pulling rod which may be connected
to a weighing guide rod and a concentricity between the seed
crystal and the first cover plate 210 may be adjusted. The
temperature may be increased to melt the reactants. During,
rising temperature, the seed crystal may be dropped for
preheating. To avoid cracking of seed crystal, a distance
between the seed crystal and a surface of the reactants may
be kept as 5 mm~15 mm. After the reactants are melt, the
seed crystal may be dropped to contact the melt and the
temperature may be adjusted. During adjusting the tempera-
ture, the seed crystal may be sunk 2 mm to eflectively
contact with the melt, ensure interface integrity, and reduce
crystal cracking caused by a seeding point during a subse-
quent cooling process. After the temperature 1s adjusted as
suitable, an automatic control program may be started to
enter an automatic growth mode. After a necking process, a
shouldering process, a constant diameter growth process, an
ending process, and a cooling process, the crystal growth
may end after 11 days.

A color of the crystal 1s white, a shape of the crystal 1s
normal as a preset shape, a surface of the crystal 1s rough,
and there 1s a slight melt back strip. After a head and a tail
of the crystal are removed and the remaining portions are
polished, an interior of the crystal 1s transparent. The crystal
has no macro defects such as point scattering, a cloud layer,
a wrapping material, etc. Through a testing process, the
lattice parameters of the crystal are a=1.4254 nm, b=0.6641
nm, ¢=1.0241 nm, and p=122° 12". A transmittance of the
crystal from ultraviolet, visible light, to near-infrared band 1s
greater than 80%. A center wavelength of the crystal 1s 420
nm, a light yield 1s greater than or equal to 38000 photons/
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megaelectron electron volt, an energy resolution may be less
than or equal to 6.5%, and an decay time 1s less than or equal
to 35 nanoseconds.

Example 3—Ce:LYSO Crystal Growth

The crystal may be prepared using the Czochralski tech-
nique via a medium frequency induction heating mode and
a single crystal growth induction furnace with an open
furnace. A temperature field device may be mounted accord-
ing to the steps 1~6. Reactants with purity of 99.999% may
be taken out after a roasting process i1s performed on the
reactants at 1200° C. for 5 hours and the reactants are
naturally cooled to room temperature 35° C. The reactants
may be weighted based on a molar ratio of the reactants
according to Equation below:

(1-x—v-2)Lu503+2Y 503+S105+2xCe O+

YCe03 =Ly p) Y 2,.Ce0(,45)5105+x/20, 1 (2)

where, x=0.16%, y=0.3%, z=20%, and a weight of S10, may
excess of 2% of its weight. After being weighted, the
reactants may be placed 1n a three-dimensional mixer for 1
hours~6 hours, and then taken out and placed 1n a pressing
mold and pressed 1nto a cylindrical shape by a cold 1sostatic
pressing device with a pressure of 200 MPa. The reactants
may be placed i an iridium crucible with a diameter of 180
mm and a height of 180 mm. The inndium crucible may be
placed 1n the installed temperature field device. A concen-
tricity between the 1iridium crucible and the temperature field
device may be adjusted and a crucible position of the iridium
crucible may be set as +20 mm. A concentricity among the
iridium crucible 214, the heater 226, the second cover plate
212, the first cover plate 210, and the weighing guide rod
may be successively adjusted. The seal of the first cover
plate 210 and the first drum 204 may be ensured. After the
observation unit 218 1s mounted on the first cover plate 210,
a flowing gas of N, may be introduced into the temperature
field device with a gas tlow rate of 30 L/min and a circu-
lating cooling liquid may be introduced 1nto the temperature
field device. Parameters of the crystal growth may be set.
For example, a diameter of the crystal may be set as 95 mm,
a shoulder length may be set as 95 mm, a constant diameter
may be set as 200 mm, an ending length may be set as 70
mm, a heating time may be set as 24 hours, a rotation rate
may be set as 10 rpm, a pulling rate may be set as 1.5 mm/h,
a cooling time may be set as 100 hours, a PID value may be
set as 0.5, a crystal density may be set as 7.25 g/cm”, and a
melt density may be set as 6.15 g/cm’. After the parameters
are set, a seed crystal of Ce:LYSO may be placed on a top
of a pulling rod which may be connected to a weighing guide
rod and a concentricity between the seed crystal and the first
cover plate 210 may be adjusted. The temperature may be
increased to melt the reactants and during the increasing of
the temperature, the seed crystal may be dropped for pre-
heating. To avoid cracking of seed crystal, a distance
between the seed crystal and a surface of the reactants may
be kept as 5 mm~15 mm. After the reactants are melt, the
seed crystal may be dropped to contact with the melt and the
temperature may be adjusted. During the adjusting of the
temperature, the seed crystal may be sunk 2 mm to eflec-
tively contact with the melt, during which the interface 1s
integral, thereby reducing crystal cracking caused by a
seeding point during a subsequent cooling process. After the
temperature 1s adjusted as suitable, an automatic control
program may be started to enter an automatic growth mode
to enter a necking process, a shouldering process, a constant
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diameter growth process, an ending process, and a cooling
process. The crystal growth may end after 16 days.

A color of the crystal 1s white, a shape of the crystal 1s
normal as a preset shape, a surface of the crystal 1s rough,
and there 1s a slight melt back strip. After a head and a tail
of the crystal are removed and the remaining portions are
polished, an interior of the crystal 1s transparent. The crystal
has no macro defects such as point scattering, a cloud layer,
a wrapping material, etc. Through a testing process, the
lattice parameters of the crystal are a=1.4254 nm, b=0.6641
nm, ¢=1.0241 nm, and $=122.2°. A transmittance of the
crystal from ultraviolet, visible light, to near-infrared band 1s
greater than 80%. A center wavelength of the crystal 1s 420
nm, a light yield 1s greater than or equal to 60000 photons/
megaelectron electron volt, an energy resolution 1s less than
or equal to 6%, and a decay time 1s less than or equal to 30
nanoseconds.

It should be noted that the above description for the basic
concepts 1s merely provided for the purposes of illustration,
and not intended to limit the scope of the present disclosure.
For persons having ordinary skills in the art, multiple
variations and modifications may be made under the teach-
ings of the present disclosure. However, those variations and
modifications do not depart from the scope of the present
disclosure.

Moreover, certain terminology has been used to describe
embodiments of the present disclosure. For example, the
terms “one embodiment,” “an embodiment,” and/or “some
embodiments” mean that a particular feature, structure, or
characteristic described 1n connection with the embodiment
1s included 1n at least one embodiment of the present
disclosure. Therefore, it 1s emphasized and should be appre-
ciated that two or more references to “an embodiment™ or
“one embodiment” or “an alternative embodiment™ 1n vari-
ous portions of this specification are not necessarily all
referring to the same embodiment. Furthermore, the particu-
lar features, structures, or characteristics may be combined
as suitable in one or more embodiments of the present
disclosure.

Furthermore, the recited order of processing elements or
sequences, or the use of numbers, letters, or other designa-
tions therefore, 1s not intended to limit the claimed processes
and methods to any order except as may be specified 1n the
claims. Although the above disclosure discusses through
vartous examples what 1s currently considered to be a
variety of useful embodiments of the disclosure, 1t 1s to be
understood that such detail i1s solely for that purpose, and
that the appended claims are not limited to the disclosed
embodiments, but, on the contrary, are mtended to cover
modifications and equivalent arrangements that are within
the spirit and scope of the disclosed embodiments. For
example, although the implementation of various compo-
nents described above may be embodied in a hardware
device, 1t may also be implemented as a software only
solution, e.g., an mstallation on an existing server or mobile
device.

Similarly, 1t should be appreciated that in the foregoing
description of embodiments of the present disclosure, vari-
ous features are sometimes grouped together 1 a single
embodiment, figure, or description thereof for the purpose of
streamlining the disclosure aiding in the understanding of
one or more of the various inventive embodiments. This
method of disclosure, however, 1s not to be interpreted as
reflecting an intention that the claimed subject matter
requires more features than are expressly recited in each
claim. Rather, inventive embodiments lie 1n less than all
features of a single foregoing disclosed embodiment.
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In some embodiments, the numbers expressing quantities,
properties, and so forth, used to describe and claim certain
embodiments of the application are to be understood as
being modified 1n some instances by the term “about,”
“approximate,” or “‘substantially.” For example, “about,”
“approximate,” or “substantially” may indicate £20% varia-
tion of the wvalue 1t describes, unless otherwise stated.
Accordingly, 1n some embodiments, the numerical param-
cters set forth 1n the written description and attached claims
are approximations that may vary depending upon the
desired properties sought to be obtained by a particular
embodiment. In some embodiments, the numerical param-
eters should be construed 1n light of the number of reported
significant digits and by applying ordinary rounding tech-
niques. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of some embodi-
ments of the application are approximations, the numerical
values set forth 1 the specific examples are reported as
precisely as practicable.

Each of the patents, patent applications, publications of
patent applications, and other material, such as articles,
books, specifications, publications, documents, things, and/
or the like, referenced herein 1s hereby incorporated herein
by this reference 1n 1ts entirety for all purposes, excepting,
any prosecution file history associated with same, any of
same that 1s inconsistent with or in contlict with the present
document, or any of same that may have a limiting affect as
to the broadest scope of the claims now or later associated
with the present document. By way of example, should there
be any inconsistency or contlict between the description,
definition, and/or the use of a term associated with any of the
incorporated material and that associated with the present
document, the description, definition, and/or the use of the
term 1n the present document shall prevail.

In closing, it 1s to be understood that the embodiments of
the application disclosed herein are illustrative of the prin-
ciples of the embodiments of the application. Other modi-
fications that may be employed may be within the scope of
the application. Thus, by way of example, but not of
limitation, alternative configurations of the embodiments of
the application may be ufilized in accordance with the
teachings herein. Accordingly, embodiments of the present
application are not limited to that precisely as shown and
described.

We claim:

1. A method for growing a crystal, a formula of the crystal
being

Xox: Mo Lito(| —x—m—y) YzszQ(5_ E)Nna

wherein x consists of at least one of Ce, Cl, F, Br, N, P, or
S, M consists of at least one of Ca, Mg, Sr, Mn, Ba, Al, Fe,

Re, La, Ce, Rr, Nd, Pm, Sm, Eu, Gd, Td, Dy, Ho, Er, Yb, Tm,
Lu, Sc, or Y, Q consists of at least one of O, Cl, F, Br, or S,
and N consists of at least one of Cl, F, Br, or S, wherein the
method comprises:
welghting reactants according to a molar ratio of the
reactants according to a reaction equation for generat-
ing the crystal after a first preprocessing operation 1s
performed on the reactants, wherein x=0.000001~0.06,
m=0~0.06, z=0~1, and n=0~5, and the {irst preprocess-
ing operation includes a roasting operation under 800°
C.~1400° C.;
placing reactants on which a second preprocessing opera-
tion has been performed into a crystal growth device
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after an assembly processing operation 1s performed on
at least one component of the crystal growth device,
wherein the second preprocessing operation mncludes at
least one of an ingredient mixing operation or a press-
ing operation at room temperature, the at least one
component of the crystal growth device includes a
crucible, and the assembly processing operation
includes at least one of a coating operation, an acid
soaking and cleaning operation, or an impurity cleaning,
operation;

introducing a flowing gas into the crystal growth device

after sealing the crystal growth device; and
activating the crystal growth device to grow the crystal
based on the Czochralski technique.

2. The method of claim 1, wherein

x at least consists of Ce, and

a reactant consisting of Ce includes at least one of CeQO,,

Ce,0;, Ce(CO,),, CeCl,, certum fluonide, cerrum(IIl)
sulfate, or ceritum(I1Il) bromide.

3. The method of claim 1, wherein a weight of a reactant
consisting of S1 excesses of 0.01 at %~10 at %, 0.1 at %~10
at %, 1 at %~10 at %, 2 at %~9 at %, or 4 at %~7 at %.

4. A method for growing a crystal, comprising:

welghting reactants based on a molar ratio of the reactants

according to a reaction equation (1) or a reaction
equation (2) after a {first preprocessing operation 1s
performed on the reactants:

(1-x—y)Luy,03+810,+2xCeO5+yCe, O3—=Luy g

Ceo(rt5y0105+x/20, 1 (1)

(1-x—y-z)Lu5053+2Y 5053 +S105+2xCe O+

YCe03=Lls 1 xyry Y 2,C00 (504 S105+%/205 1 (2)

where x=0.0001%~6%, m=0-6%, z=0~1, and a weight of
S10, excesses of 0.001%~10% of 1ts weight, and the
first preprocessing operation includes a roasting opera-
tion under 800° C.~1400° C.;

placing reactants on which a second preprocessing opera-
tion has been performed into a crystal growth device
after an assembly preprocessing operation 1s performed
on at least one component of the crystal growth device,
wherein the second preprocessing operation includes at
least one of an ingredient mixing operation or a press-
ing operation at room temperature, the at least one
component of the crystal growth device includes a
crucible, and the assembly processing operation
includes at least one of a coating operation, an acid
soaking and cleanming operation, or an impurity cleaning,
operation;

introducing a flowing gas into the crystal growth device

after sealing the crystal growth device; and
activating the crystal growth device to grow the crystal
based on the Czochralski technique.

5. The method of claim 4, wherein a weight of S10,
excesses 0f 0.01%~10%, 0.1%~10%, 1%~10%, 2%~9%, or
4%~7% of i1ts weight.

6. The method of claiam 4, wherein x=0.001%~6%,
0.01%~6%, 0.15%~6%, 1%~6%, or 2%~3%.

7. The method of claim 4, wherein y=1%~35%, 2%~4%,
2.5%~3.5%, or 2.8%~3.2%.

8. The method of claim 4, wherein a purity of each of the
reactants 1s greater than 99%, 99.9%, 99.99%, or 99.999%.

9. The method of claim 4, wherein:

the tflowing gas includes oxygen or a mixed gas of oxygen

and one or more of nitrogen and inert gas.

10. The method of claim 4, wherein a melting time of a
heat treatment for melting the reactants 1s 5 hours~48 hours
during the crystal growth.
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11. The method of claim 4, wherein a distance between a
seed crystal and an upper surface of the reactants 1s 5~100
mm during melting the reactants during the crystal growth.

12. The method of claim 4, wherein the method com-
Prises: 5

sinking a seed crystal to 0.1 mm~50 mm below a surface

of a melt of the reactants by controlling a pulling rod
during temperature adjustment.

13. The method of claim 4, wherein the method further
comprise: 10
maintaining a constant temperature at 1950° C.~2150° C.
for at least 0.1 hours~1 hour after temperature adjust-

ment.

14. The method of claim 4, wherein a rotation rate of a
pulling rod 1s 0.01 rY/min~35 r/min during the crystal growth. 15
15. The method of claim 4, wherein a growth rate of the

crystal 1s 0.01 mm/h~6 mm/h during the crystal growth.

16. The method of claim 4, wherein a temperature
decreasing time of the crystal during the crystal growth 1s 20
hours~100 hours. 20

17. The method of claim 4, wherein,

a volume ratio of oxygen 1n the flowing gas 1s 1%~30%

when a temperature 1s within 1400° C.~800° C., and

the volume ratio of oxygen in the flowing gas 1s

0.001%~20% when the temperature 1s lower than 800° 25
C.

18. The method of claim 4, wherein a volume ratio of
oxygen 1n the following gas 1s 0.001%~10% 1n an mitial
stage of the crystal growth.

% x *H % o 30
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